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The most s t a b le  a c t i v i t y  o f  th e  NHj^ReO /^ZAlgO  ^ c a ta ­
l y s t  i s  obtained a t  about 50°C r e a c t io n  tem perature, and the  
h ig h e s t  a c t i v i t y  i s  ob ta in ed  at about 100°C r e a c t io n  tempera­
tu r e .  The b rea k -in  p e r io d  observed a t  0°C i s  due t o  th e  
r e d u c t io n  o f  the c a t a l y s t  by propene and the form ation  o f  
o rg a n o m eta ll ic  complex, and t h i s  b r e a k - in  p er iod  w i l l  prob­
ab ly  be observed below  8°C. The r e a c t io n ,  and d e a c t iv a t io n  
r a te s  are f i r s t  order w ith  resp ec t  to  the a c t iv e  s i t e  d e n s i ty .  
The b r e a k - in  r a te  i s  f i r s t  order w ith  r esp ec t  to  th e  adsorp­
t i o n  a c t i v e  s i t e  d e n s i ty .
There are seven  c a t a ly s t s  s tu d ie d ,  i . e . ,  AlgO^,
NH^ReO^/TiOg, NaReO^/fAlgO^, NH^ReO^/3A(K) z e o l i t e ,  NH^ReO^/ 
3A(Ca) z e o l i t e ,  NH^ReO^/l3X(Na) z e o l i t e ,  and NH^ReO^/l3X(Ca) 
z e o l i t e .  The standard c a t a ly s t ,  NH^ReO^/fAlgO^, has th e  
h ig h e s t  a c t i v i t y  among th e se  seven c a t a l y s t s .  The sodium  
and potassium  ion s have n e g a t iv e  e f f e c t  on the a c t i v i t y  i f  
z e o l i t e  i s  used as support or NaReO  ^ i s  used as prom oter. 
Bronsted a c id s  ad jacen t to  the ad so rp tion  s i t e  have a  promo­
t i o n  e f f e c t  on the  a c t i v i t y .
The r e s u l t  o f  su rface  t i t r a t i o n  study w ith  e th y le n e ,  
the  h ig h  r a t io  o f  e th y le n e  to  butenes at the b eg in n in g , and
i i i
th e  tem perature programmed d e so r p t io n  e f f e c t  on r e a c t io n  
su g g e s t  th a t  the  carhene mechanism i s  more reasonable  fo r  
d e s c r ib in g  the m e ta th e s is  r e a c t io n .  When tra n s-2 -b u te n e  i s  
used as th e  r e a c ta n t ,  th e  r e s u l t  a l s o  su g g e s ts  th a t  carbene  
mechanism i s  more rea so n a b le ;  o th erw ise  th e  product d i s t r i ­
b u t io n  can not be in te r p r e te d .
Temperature programmed d e so r p t io n  s tu d ie s  in d ic a t e  
th a t  both  the  o v e r a l l  c a t a ly s t  and th e  in d iv id u a l  a d so rp t io n  
s i t e s  are e n e r g e t i c a l ly  h eterogen eou s. Due to  the a d so rp t io n  
o f  a m ixture, r ea d so rp t io n  during TPD run, and m ig ra tio n  
during  TPD run, ex act q u a n t i t a t iv e  d ata  are d i f f i c u l t  to  
o b ta in  from the TPD tech n iq u e . For example, on ly  th e  rough 
average va lu e  o f  th e  h ea t o f  d e so r p t io n  may be obtained  
in s te a d  o f  the exact v a lu e .
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PROPYLENE METATHESIS WITH RHENIUM OXIDE SUPPORTED 
BY T-ALUMINA AS CATALYST, INCLUDING KINETIC 
AND INITIAL REACTION STUDIES
CHAPTER I 
INTRODUCTION
Banks and B a i l e y (1) app lied  molybdenum hexacarbonyl,  
tu n g s te n  hexacarbonyl, and molybdenum o x id e  supported by 
alumina as c a t a ly s t s  to  th e  o l e f i n  r e a c t io n  system and found  
th e  d is p r o p o r t io n a t io n  r e a c t io n .  By t h i s  r e a c t io n , l in e a r  
o l e f i n s  were converted in to  equal amounts o f  sh o rter  and 
lo n g er  cha ins  o f  o l e f i n s  and may be c h a ra cter ized  as:
R^  Ro Ro Ro\J 1 u
Rj^-C C -R ^
+ I I
Rr--C C---Rp
R — c =  c — Rp  ^ I I °^ 1 1 ®  I  I
'^ 7 ”6 "7
where R ^ to  Rg r ep re sen t  hydrogen or hydrocarbon groups. 
O le f in  d ism u ta tion (2 )  and o l e f i n  m e ta th e s is (3 )  are terms 
a ls o  commonly used by o th er  r e sea rch ers .
There are homogeneous and heterogeneous m e ta th e s is  
r e a c t io n s  and the l a t t e r  i s  o f  more i n t e r e s t  to  t h i s  s tu d y .
The c a t a l y s t s  fo r  heterogeneous m e ta th e s is  are m ainly  
t r a n s i t i o n  m etal o x id e s ,  carb on y ls , and s u l f i d e s  d e p o s ite d  
on h igh  su rface  area  supports l i k e  s i l i c a  and alum ina. (4) 
Some o f  the heterogen eou s m eta th es is  s tu d ie s  have been  
c a r r ie d  out w ith  WO^/SiOg ( 5 ) .  MoO^/AlgO^ (6 ) ,  and Mo(CO)^/ 
AlgO^ (7) c a t a l y s t s .  R ecently  th e r e  has been an in c r e a s in g  
i n t e r e s t  in  th e  RegOy/AlgO^ c a t a l y s t .  The R^gOy/AlgO^ 
c a t a l y s t  i s  w e l l  known fo r  i t s  s e l e c t i v i t y  ^ d  a c t i v i t y  even 
a t  ambient tem perature and subatm ospheric p ressu re  (4-) .
The rhenium c o n ta in in g  c a t a ly s t  has a l s o  been used in  hydro­
g e n a t io n  r e a c t io n s  (8) and autom obile  exhaust system  ( 9 ) .
There are th r e e  kinds o f  mass t r a n s fe r  e f f e c t s ,  i n t e r ­
ph ase , i n t r a p a r t i c a l ,  and s i t e - l o c a l i z e d  d i f f u s io n  e f f e c t s ,  
proposed fo r  th e  o l e f i n  m eta th es is  ( 1 0 ) .  The in te rp h a se  
mass tr a n s fe r  e f f e c t s  have been observed in  propene d is p r o ­
p o r t io n a t io n  w ith  WO^/SiOg c a t a l y s t .  (10) I f  the mass tran s­
f e r  e f f e c t s  e x i s t ,  th e  r e a c t io n  r a t e  w i l l  be a fu n c t io n  o f  
th e  amount o f  th e  c a t a l y s t  used, th e  p a r t i c l e  s i z e  o f  the  
c a t a l y s t ,  and th e  co n c en tr a t io n  o f  th e  promoter. U su a lly ,  
th e  in terp h ase  and th e  i n t r a p a r t i c l e  mass tr a n s fe r  e f f e c t s  
may be t e s te d  by changing th e  amount o f  the  c a t a l y s t  used  
and the  p a r t i c l e  s i z e  r e s p e c t iv e ly ,  w h ile  keeping th e  space  
v e l o c i t y  a t  a c o n sta n t  v a lu e .  l i n  e t  a l .  (11) found th a t  
th e  r e a c t io n  on a 20% Re-Al^O^ c a t a l y s t  was mass t r a n s f e r
l im i t e d ,  but the  mass tr a n s fe r ,  e f f e c t  was n o t  observed w ith  
10^ Re-AlgO^ c a t a l y s t .
The heterogeneous m eta th es is  r e a c t io n s  show a maximum 
in  r a te  w ith  r e sp e c t  to  th e  r e a c t io n  tem perature (12, 1 3 ) .  
Clark and M offat (12) a sc r ib e d  t h i s  ra te -tem p eratu re  maximum 
to  th e  r e s u l t  o f  su p er im p os it io n  o f  r e v e r s i b le  d e a c t iv a t io n  
of  s i t e s  and the  i r r e v e r s i b l e  p o ison in g  o f  s i t e s .  They a l s o  
found th a t  th e  c r i t e r io n  f o r  the e x is te n c e  o f  such maxima i s  
th a t  th e  a b so lu te  va lu e  o f  th e  heat o f  a d so rp t io n  must be 
g r ea ter  than l / 2  o f the  Arrhenius a c t iv a t io n  energy.
The time on stream a c t i v i t y  o f  an a c t iv a te d  c a t a ly s t  
u s u a l ly  c o n ta in s  three  p e r io d s;  break-in , s te a d y  s t a t e ,  and 
d e a c t iv a t io n  ( 5 ) .  The b r e a k - in  may be due to  the red u ction  
of  the c a t a l y s t  by o l e f i n  and the form ation o f  organom eta llic  
complex between the o l e f i n  and c a t a ly s t .  The d e a c t iv a t io n  
may be a sc r ib ed  to p o is o n in g  by im p u r it ie s ,  p o iso n in g  by h igh  
m olecular w eight products and coke, l o s s  o f  su r fa c e  area, 
s in t e r in g ,  and str u c tu r e  changes of the c a t a l y s t .  W ills  and 
Luckner (5) proposed th a t  w ith in  the s tead y  s t a t e  reg ion  the  
c a t a ly s t  was WO^   ^ compared w ith  the WO^  o f  th e  a c t iv a te d  
c a t a l y s t .  Therefore, the c a ta ly s t  was reduced during the  
b reak -in  p e r io d .  However, the break-in  was s t i l l  observed  
on the prereduced c a t a l y s t  and was a scr ib ed  to  the ir r e v e r ­
s i b l e  a d so rp tio n  and the  form ation o f  an organ om eta llic  com­
p le x .  Banks and p e n n e l la  (14) proposed th a t  the  o l e f i n  me­
t a t h e s i s  over the WO^/SiOg c a ta ly s t  occurs through the pro-
3
motion o f  e le c t r o n s  from o l e f i n  Tr-orbital to  th e  l e v e l  o f  
o l e f i n  a n t i-b o n d in g  7t--orbital. Therefore, the c a t a l y t i c  
a c t i v i t y  may be a fu n c t io n  o f  th e  energy l e v e l  o f  th e  metal 
which may be a d ju sted  by changing the o x id a t io n  s t a t e  o f  the  
metal ion  or by changing the number and geometry o f  the  l i g ­
ands. They su gg ested  th a t  the number o f  a c t iv e  s i t e s  may be 
in creased  through m o d if ic a t io n  by the  p o ly o le f in s  o f  the  
energy l e v e l  d i s t r i b u t io n .  Furthermore, adding a sm all  
amount o f  p o l y o l e f i n  may sh orten  th e  break-in  p e r io d .  Cas­
t e l l a n  e t  a l .  ( 1 5 ) proposed th a t  th e  m eta th es is  a c t i v i t y  was 
r e la t e d  to  th e  p resen ce  o f  Mo(V) s p e c ie s  o r ig in a t in g  from 
r ed u ctio n  o f  the  c a t a ly s t  when MoO^/AlgO^ used . Andreev 
(1 6 ) proposed th a t  the red u ctio n  occurred when the  RegOy/AlgO^ 
c a ta ly s t  co n tacted  propene and th e  r e f le c ta n c e  sp e c tr a  showed 
the e x is t e n c e  o f  Re(VI).
I t  i s  b e l ie v e d  that a f t e r  c a lc in a t io n  o f  th e  c a t a ly s t  
some kind o f  r e a c t io n  occurrs between the promoter and the  
support. Fridman e t  a l .  (1?) showed th a t  NHj^ ReO^  ^ decomposes 
in  the  temperature in te r v a l  580-750'^K, while no apparent 
change was observed with pure y-AlgO^ except l o s s .  The 
method ap p lied  was the d i f f e r e n t i a l  thermal a n a l y s i s .  How­
ever, a peak was observed above 1120°K in stead  o f  between  
580-750°K i f  NH^^ReO /^AlgO  ^ was used as a sample. This may 
su g g es t  a s tr o n g  in t e r a c t io n  between the  rhenium and the  
support. Based on XPS s tu d ie s ,  Minachev e t  a l .  (18) proposed  
th a t  i t  i s  more d i f f i c u l t  to  reduce HReO^/r-AlgO^ than to
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reduce HReOj^/SlO^. They a t t r ib u te d  t h i s  d i f f e r e n c e  to the
*1“ 7stron g  in t e r a c t io n  of Re ' to  the alumina s u r fa c e .  LeRoy 
and Johnson (19) concluded from X-ray d i f f r a c t i o n ,  IR, and 
ESR s t u d ie s  th a t  the rhenium in  P t/R e/a lum ina  may only be 
reduced to  Re*^ in stea d  o f  Re®. Echigoya and Nakamura (20)  
su ggested  th a t  there  are th r e e  types o f  a c t i v e  s i t e s  on the  
c a ta ly s t (K ,  L, and M) and th e  a c t i v i t y  i s  enhanced by a dou­
b ly -p rom oting  e f f e c t  o f  Re io n s .  They c l a s s i f i e d  the compo­
s i t i o n s  o f  th e  K, L, and M s i t e s  as: R e / A l < l / 9 9 .  l / 9 9 ^ R e /
A 1 ^ 3/ 9 7 , and Re/Al ) 3 / 9 7  r e s p e c t iv e ly .  The a c t i v i t y  fo r  
o l e f i n  m eta th es is  in c re a se d  in  the order: M ^l)>K . X-ray 
spectrum su ggested  th a t  th e  a c t iv e  s i t e s  i n  the  M reg ion  was 
comprized o f  Re-O-Re bonds which were so weak th a t  they could  
be e a s i l y  converted to  a c t i v e  s i t e s  by a c t i v a t i o n  at e le v a te d  
tem perature and the r e d u c t io n  and com plexation w ith o l e f i n s .  
The L r e g io n  was comprized o f  Re-O-Al bonds w ithout doubly-  
promoting e f f e c t .  The a c t i v i t y  o f the K r e g io n  could be 
enhanced o n ly  when reduced w ith  hydrogen. M artin o tt i  e t  a l .  
(21) found th a t  the c a t a l y s t  s tru ctu re  d i f f e r e d  from the bulk  
MoO^  s tr u c tu r e  i f  the c a t a l y s t  was supported by Al^O^. They 
a ls o  proposed that the s tr u c tu r e  depended on the promoter 
c o n c en tr a t io n  and the a c i d i t y  o f  the c a t a l y s t .  The s tr u c tu r e  
changed from te tra h ed ra l  oxomolybdenum to  mixed te tr a h e d r a l-  
oc ta h ed ra l to  the form ation  o f  A l2 (Mo0j )^  ^ w ith  in crea s in g  
c o n c e n tr a t io n  of MoO .^
The m eta th es is  r e a c t io n  i s  always accompanied by the
5
i s o m e r iz a t io n  r e a c t io n  ( 2 ) .  By s u i t a b l y  choosing th e  r e a c t io n  
c o n d it io n s  and/or a d ju s t in g  the c a t a l y s t  a c id i t y ,  th e  isom er­
i z a t i o n  a c t i v i t y  may be surpressed  ( 2 ,2 2 ) .  Using a d eu tera ted  
a c id  c a t a ly s t  such as s i l ic a - a lu m in a  to  study the iso m e r iz a t io n  
o f  1 -b u ten e , Kimura and Ozaki (23) found th a t  the c o n c en tr a t io n  
o f  deutera ted  2 -b u ten es  was much h ig h er  than that o f  th e  deu­
t e r a t e d  1-butene when th e  evacu ation  temperature was near  
100°C. The c o n c en tr a t io n  o f  d eu tera ted  2-butenes decreased  
w ith  in c r e a s in g  eva cu a tion  tem perature, although th e  conver­
s i o n  increased  w ith  in c r e a s in g  ev a cu a tio n  tem perature. On 
th e  o ther  hand, i f  th e  r e a c t io n  was c a r r ie d  out w ith  a non- 
d eu tera ted  ac id  c a t a l y s t  and 1 -b u ten e  in  the p resen ce  o f  deu- 
teropropene then th e  co n cen tra t io n  o f  deuterated 2 -b u ten es  
predominated again  even i f  the ev acu ation  temperature was 
500*^0. Thus, t h i s  r e a c t io n  proceeded, a t l e a s t  p a r t l y , through  
a proton  don or-acceptor  mechanism w ith  e i th e r  a Bronsted ac id  
on the  su rface  or th e  carbonium io n s  formed by a d so rp tio n  
o f  o l e f i n s  on Lewis a c id s .  Brouwer (24) stu d ied  th e  double­
bond iso m e r iza t io n  o f  o l e f i n s  on a c id  c a t a ly s t s  and concluded  
th a t  c i s - o l e f i n s  u s u a l ly  were formed in  p referen ce  over tr a n s ­
o l e f i n s .  He a lso  proposed th a t  th e  product d i s t r i b u t io n  
depended upon the p roperty  o f  the  c a t a l y s t  and both th e  c i s -  
and tr a n s -  o l e f i n s  were primary p r o d u c t s .
With rhenium, Anion v a c a n c ie s  were formed upon red u ctio n  
by hydrogen or carbon monoxide (1 6 ,2 6 )  or upon the  evacu ation  
a t  high temperature (2 3 ) .  Andreev e t  a l .  (16) proposed an
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an F -c e n te r  fo r  a s h u t t l e  mechanism in  which the p ro d u ction  
o f  Re*^-F cen ter  and th e  produ ction  o f  Re^^-anion vacancy  
became a c y c l i c  p r o c e s s  to  gen erate  m e ta th e s is  a c t i v i t y .
In t h i s  mechanism th e  anion vacancy served  as an e le c tr o n  
tra p . H all e t  a l .  (26) demonstrated t h a t  the  c a t a l y t i c  
a c t i v i t y  fo r  cyclopropane decom position  in creased  w ith  anion  
vacancy c o n c en tr a t io n  and th e  Bronsted s i t e s  o f alumina OH 
groups were c lo s e  to  th a t  o f  the anion vacancy. Engelhardt  
(2 5 ) found th a t  th e  a c t i v i t y  o f  MoO^/AlgO^ fo r  m e ta th es is  
in c re a se d  with hydrogen r ed u c tio n . However, the a c t i v i t y  
was n e g l i g i b l e  i f  th e  c a t a l y s t  was reduced at high tem perature  
(5 5 0 °C ). He a t t r ib u t e d  t h i s  o b ser v a t io n  to  the d i f f e r e n t  
typ es  o f  adsorbed hydrogen.
Turner e t  a l .  (2) demonstrated th a t  the m e ta th e s is  
o f  1 -b u ten e  over CoO/MoO^/AlgO^ c a t a l y s t  may be made h ig h ly  
s e l e c t i v e  to  e th y len e  p lu s  hexene-3 or propene p lu s  pentene  
by s u i t a b l e  ch o ice  o f  r e a c t io n  c o n d it io n s  or by p o iso n in g  the  
c a t a l y s t  with c o n tr o l le d  amounts o f  sodium ion . They a l s o  
found th a t  the s e l e c t i v i t y  in creased  w ith  in c r e a s in g  NaHCO^  
c o n c e n tr a t io n s ,  but th a t  the m eta th es is  conversion  d ecrea sed .  
S w ift  e t  a l .  (22) showed th a t  the a d d it io n  o f  th a ll iu m  to  
alumina reduced th e  su r fa c e  a c id i t y  and in h ib it e d  th e  double  
bond iso m e r iz a t io n .  They a lso  showed th a t  the a d d it io n  o f  
th a l l iu m  to  Mo0^ /A l20  ^ r e s u l t e d  in  a h ig h  s e l e c t i v i t y  fo r  
o l e f i n  m e ta th e s is .  There was a r e la t io n s h ip  between t h i s  
s e l e c t i v i t y  and th e  io n ic  rad iu s  o f  monovalent th a ll iu m  and
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group l a  ions  which was C s > R b > T l> K > N a > L i .  These r e s u l t s  
su g g e s t  the id ea  o f  u s in g  NaReOj  ^ fo r  th e  promoter in s te a d  o f
Garten e t  a l . (27) found th a t  TiOg was a b e t t e r  support  
than AlgO^ and SiOg fo r  th e  Ni c a t a l y s t  i n  CO/Hg s y n t h e s i s  
r e a c t io n s .  They showed th a t  t h i s  s u b s t i t u t io n  r e s u l t e d  in  
h igh  a c t i v i t y ,  high s e l e c t i v i t y  to  h igh  m olecular weight  
p r o d u cts ,  and a slow  d e a c t iv a t io n  r a te .  Clark e t  a l .  (11)  
in d ic a te d  th a t  a SiOg supported rhenium oxide c a t a ly s t  was 
e a s i e r  to  be reduced than an AlgO^ supported c a t a ly s t  and the  
SiOg supported c a t a l y s t  needed h igher r e a c t io n  tem perature.  
P o t t (28) showed the  c a t a l y s t  l i f e  was f i v e  tim es lo n g er  i f  
th e  c a t a l y s t  was mixed w ith  3A m olecular  s i e v e  at the r a t i o  
o f  one gram c a ta ly s t  and four  grams m olecular  s i e v e .  These 
r e s u l t s  propose the  id e a  o f  using  TiOg or m olecular s i e v e  as
support in s tead  o f  A l20  ^ or SiOg.
There are two ty p e s  of m e ta th e s is  reac tio n :  th e  f i r s t
one i s  t r a n s a lk y la t io n ,  th e  second i s  t r a n s a lk y l id e n a t io n
( 2 9 ) .  The t r a n s a lk y la t io n  type r e a c t io n  was f i r s t  proposed  
by Mol e t  a l . (3 1 ) .  The t r a n s a lk y la t io n  type r e a c t io n  was 
f i r s t  proposed by Turner e t  a l . (2) and a q u a s i -cyclobu tane  
in term ed ia te  was su g g es ted . The tr a n s a lk y l id e n a t io n  ty p e  
r e a c t io n  was proven as the  co rr ec t  one.
Based on the tran s a lk y l id  enat i  on r e a c t io n ,  th r ee  
r e a c t io n  mechanisms were proposed: p a ir w ise  concerted , p a i r ­
w ise  nonconcerted, and carbene mechanism. A p a irw ise  con-
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c e r te d  mechanism was f i r s t  shown by Turner e t  a l .  (2) with  
a q u a s i - cyc lob u tan e  as an in te r m e d ia te .  A p a ir w ise  noncon­
c e r te d  mechanism was found by Brunck and Grubbs (33) which 
had a m eta llocyc lop en ta n e  complex as an in term ed ia te  (3 0 ) .
Burk e t  a l .  (3^) demonstrated th e  carbene mechanism through 
experim ental r e s u l t .  The carbene mechanism c o n ta in s  i n i t i ­
a t io n  and p rop a g a tio n  step s  which i s  s im ila r  to  a polym eri­
za tion  r e a c t io n .  A metal hydride may p lay  an important 
r o le  in  the i n i t i a t i o n  step  (35) and the  carbene se rv e s  as a 
ch a in  c a r r ie r .
Based on th e  t r a n s a lk y l id e n a t io n  type r e a c t io n ,  four  
k i n e t i c  models were proposed (30, 31): Rideal model, Langmuir- 
Hinshelwood one s i t e  model, Langmuir-Hinshelwood two s i t e s  
model, and th e  model for  the carbene mechanism. Begley and 
W ilson (3 6 ) s tu d ie d  the propylene d is p r o p o r t io n a t io n  using  
t u n g s t e n - s i l i c a  c a t a ly s t .  The c o r r e la t io n  o f  the  p i l o t  
p la n t  k in e t i c  d a ta  with R ideal and Langmuir-Hinshelwood models 
showed th a t  th e  former adequately  c o rr e la ted  the  d a ta .
Kemball e t  a l .  ( 7 ) ,  W ills e t  a l .  ( 3 7 ) .  and W ills  e t  a l .  (38) 
s tu d ie d  the propy lene  m eta th es is  u s in g  Mo(C0 )^ /A l20^, WO^/SiOg 
and CoO/MoO^/AlgO^ as c a t a ly s t s  r e s p e c t iv e ly .  They a l l  found 
t h a t  the Langmuir-Hinshelwood t w o - s i t e  model adequ ately  cor­
r e la t e d  the i n i t i a l  ra te  d a ta . I f  the models o th e r  than the  
carbene, are used to  exp la in  th e  m eta th es is  r e a c t io n ,  the  
homologs o f  sh o r te r  and lo n g er  ch a in s  produced v i a  m etath es is  
must be o f  equal amount.
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The p u lse  tech n iq u e  may be used as a p er tu rb a t io n  
method to  d escr ib e  th e  t r a n s ie n t  behavior  o f  a p rocess  ( 3 9 ) .
The p a r t i c u la r  va lue  o f  t h i s  technique i s  to  study th e  e l e ­
mentary s te p s  of a r e a c t io n .  The r e a c t io n  r a te  measured by 
f lo w  tech n iq u e  i s  the measurement o f  o v e r a l l  r e a c t io n ,  whereas 
the  p u ls e  technique may stu dy  the i n i t i a l  s t e p s .  Murakami 
e t  a l .  (40) app lied  the  p u ls e  technique to  measure th e  r a te  
c o n sta n ts  o f  the a d so rp tio n  and d e so r p t io n  o f  benzene on HY 
and CaY z e o l i t e .  This measurement was based on the  r e t e n ­
t io n  tim e and the h a l f  w idth  o f  the chromatographic peak w ith  
an assum ption th a t  th e r e  was no r e a c t io n .  They a l s o  measured 
the su r fa c e  r e a c t io n  r a te  constan t and th e  d eso rp tio n  r a te  
con stan t  o f  the r ea c ta n t  when there was a product adsorbed  
only sp a r in g ly  on the  s u r fa c e .  Murakami e t  a l .  ( 4 1 ,4 2 ,4 3 ,  
44, 4 5 ) s tu d ied  the p u ls e  technique to  d e r iv e  equations f o r  th e  
con v ers io n  by assuming some r e a c t io n  models and d i f f e r e n t  
ad so rp tion  s tr en g th . They a lso  showed th a t  the  c o n v ers io n s  
fo r  p u ls e  and f lo w  system s were the  same o n ly  when th e  r e a c ­
t io n  was f i r s t  order and the  shape o f  p u ls e  was r e c ta n g u la r .  
However, i t  i s  s t i l l  d i f f i c u l t  to  draw d e f i n i t e  c o n c lu s io n  
about k in e t i c  data from th e  p u lse  tech n iq u e  e s p e c i a l ly  when 
h igher order r e a c t io n  and s id e  r e a c t io n s  are con sid ered .
The temperature programmed desorption(TPD) tech n iq u e  
i s  a very  e f f i c i e n t  method fo r  the study o f  c a t a ly s t  s u r f a c e s .  
In th e  temperature programmed d esorp tio n  technique th e  tempera­
ture  i s  u s u a l ly  c o n t in u o u s ly  v a r ie d . An a n a ly s is  o f  t h i s
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p r o c e s s  can be c a r r ie d  out on ly  i f  th e  v a r ia t io n  o f  th e  tem­
p e r a tu r e  w ith  time i s  o f  a sim ple fu n c t io n  form ( 4 6 ,4 ? ) .
Based on the  l in e a r  h ea t in g  sc h e d u le ,  Gvetanovic e t  a l .  (^7) 
made th e  m a ter ia l  ba lan ce  of a s i n g l e  component w ith in  the  
f i x e d  bed. The d e r iv a t io n  in c lu d ed  th e  assumptions o f  f i r s t  
order d esorp tion , s te a d y  s t a t e  c o n d it io n s ,  and n e g l i g i b l e  
mass tr a n s fe r  e f f e c t s .  Furthermore, they assumed t h a t  the  
p a r t i c u la r  ad sorp tio n  s i t e  was homogeneous so th a t  th e  r a te  
c o n s ta n t  of d e so r p t io n  was not a fu n c t io n  of the su r fa c e  
coverage  but a fu n c t io n  only o f  tem perature which may be 
exp ressed  by the  Arrhenius eq u ation . I f  the in d iv id u a l  ad­
s o r p t io n  s i t e  i s  homogeneous and rea d so rp tio n  does n o t  occur  
th en  th e  a c t iv a t io n  energy of d e so r p t io n  i s  obtained  from 
th e  tem peratures corresponding to  th e  peak h e igh t  by varying  
th e  temperature in c r e a s in g  r a te .  I f  the in d iv id u a l  adsorp­
t i o n  s i t e  i s  homogeneous and r ea d so rp t io n  occurs then  the  
h eat  o f  desorption  i s  obtained in s te a d  o f  the a c t iv a t io n  
energy  o f  d e so r p t io n . I f  the  s i t e  i s  homogeneous and the  
d e so r p t io n  i s  d i f f u s i o n  c o n tr o l le d  th en  the s tr u c tu r e  and s i z e  
o f  th e  pore are needed in  order to  c a lc u la t e  the heat o f  de­
s o r p t io n .  However, i t  i s  s t i l l  d i f f i c u l t  to handle th e  pro­
blem o f  heterogeneous adsorp tion  s i t e s .  Carter and Grant 
(48) analyzed t h i s  problem by assuming that the  trap p in g  s i t e s  
formed a continuous energy spectrum and had a uniform popula­
t i o n  d e n s i ty .  Yoneda(49) analyzed th e  d i s t r ib u t io n  o f  the  
a c t i v a t i o n  energy o f  d esorp tio n  by assuming on ly  a s i n g l e
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adsorbed s t a t e  and t h a t  no rea d so rp tio n  occurred . By va ry in g  
the  c a r r ie r  gas f low  r a t e  over a wide range, i t  can he d e te r ­
mined i f  r ea d so rp tio n  o c c u r s ( 4 6 ,4 7 ) .
Cvetanovic e t  a l . ( 5 0 , 51»52) s tu d ie d  th e  ad sorp tion  
of  e th y le n e ,  propylene , and tr a n s -2 -h u te n e  on alumina and 
found two d i f f e r e n t  s i t e s  no matter what m a ter ia l  was adsorbed. 
They a l s o  found th a t  th e  s i t e s  were heterogeneous w ith  a l in e a r  
d i s t r i b u t io n  of th e  a c t i v a t i o n  energy.
The TPD tech n iq u e  may a lso  be a p p lied  to  th e  study o f  
a r e a c t io n  mechanism. Munuera(53) s tu d ie d  th e  form ic a c id  
dehydration  on TiOg and found two mechanisms depending on the  
r e a c t io n  tem perature. Cvetanovic e t  a l . (5^) found two r e a c ­
t io n  s i t e s  fo r  e th y len e  on alumina. The weaker s i t e s  were 
r e s p o n s ib le  fo r  hydrogenation , whereas th e  stron ger  s i t e s  
were r e sp o n s ib le  fo r  d im e r iz a t io n .  The s p e c i f i c  a c t i v i t y  o f  
th e  weaker s i t e s  in c re a se d  w ith  the eva cu a tio n  temperature  
w h ile  th e  s p e c i f i c  a c t i v i t y  o f  the s tr o n g e r  s i t e s  was not  
changed by the  evacu a tio n  tem perature.
The c a t a l y s i s  r e se a r c h  group at th e  department o f  
chem ical en g in eer in g . U n iv e r s i ty  o f  Oklahoma has had the  
fo l lo w in g  ach iev em en ts:(5 5 ,3 0 )
1 . The ad so rp tio n  o f  eth y len e  on NH^ReO^/SiOg and 
NH^ReO^/Al^O^ were r e v e r s i b l e .  I f  th e  c a t a l y s t  was p a r t i a l l y  
reduced by hydrogen, th e  adsorption  became slow er and p a r t i a l l y  
i r r e v e r s i b l e .  For a h ig h  extent o f  hydrogen red u ction , the  
a d so rp tio n  on s i l i c a  supported c a t a ly s t  became r e v e r s ib le
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a g a in ,  but th a t  on alumina supported c a t a l y s t  always had a 
s i g n i f i c a n t  amount adsorbed i r r e v e r s ib ly .
2 . There was in t e r a c t io n  between rhenium ox id e  and 
alum ina. The alumina supported rhenium oxide was more d i f f i ­
c u l t  to  reduce. The s i l i c a  supported rhenium oxide was 
in a c t iv e  fo r  propene m eta th es is  up to  180°C.
3. The reduced c a t a ly s t  had a h igher i n i t i a l  r a t e ,  
w h ile  the d e a c t iv a t io n  r a te  was a l s o  h ig h er .  I t  was b e l ie v e d  
th a t  the  i r r e v e r s ib l y  adsorbed r e a c ta n t  and product caused  
th e  rap id  d e a c t iv a t io n .
4 . The mass t r a n s fe r  e f f e c t  was n e g l ig ib le  f o r  the  
10% Re20y /A l20  ^ c a t a l y s t ,  but not n e g l i g i b l e  over th e  21 .3^  
c a t a l y s t .  The propene m eta th es is  r a te  data were b e t t e r  
c o r r e la te d  by the Langmuir-Hinshelwood mechanism,
5. A b rea k -in  was observed f o r  th e  propene m e ta th e s is  
a t  0°C. The k in e t i c  data  may be c o r r e la te d  by a model based  
on th e  a c t iv e  s i t e  c o n c en tr a t io n . The orders, w ith  r e s p e c t  
to  th e  a c t iv e  s i t e  co n c en tr a t io n , o f  the  break-in  and d e a c t i ­
v a t io n  r a te s  were two and between one and two r e s p e c t i v e l y .
6. The c a t a l y s t  a c t i v i t y  in creased  with in c r e a s in g  
ox ygen -regen eration  temperature e s p e c i a l l y  above 500°C.
Oxygen reg en era tion  may m aintain a mesoperrhenate l i k e  s t r u c ­
tu r e ,  w hile  the  o xyg en -free  helium may d estroy  t h i s  s tr u c tu r e  
a t  500° C and c r e a te  more m eta th es is  s i t e s .
7 . The b re a k -in  period  was n ot observed when th e  eva­
c u a t io n  temperature was below 320°C, w h ile  i t  was observed
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again when th e  evacu ation  temperature was g r e a te r  than 320°C.
8 .  I f  th e  c a t a l y s t  was reduced hy hydrogen at 24°C, 
the b r e a k - in  disappeared and th e  d e a c t iv a t io n  r a te  was h ig h er .
I f  th e  c a t a l y s t  was reduced by hydrogen at 500°C, the break- 
in  w ith  a low er i n i t i a l  r a t e  was observed. When reduced at  
tem peratures between 244°C and 335°C, the c a t a l y s t  was i n a c t iv e .
9 . The a c t i v i t y  was not a f f e c te d  i f  th e  c a t a ly s t  was 
p r e tr e a te d  w ith  e th y len e .  However, th e  a c t i v i t y  was lowered  
i f  th e  c a t a l y s t  was p r e tr e a te d  with propene or c is -2 -b u te n e  
and the  b r e a k - in  per iod  d isappeared .
The p r e sen t  r e se a r c h  work in c lu d e s  th e  fo l lo w in g  
o b je c t iv e s :
(1) The e f f e c t  o f  r e a c t io n  tem perature using a f low  
system k in e t i c  study method.
(2) The e f f e c t  o f  sou rces  fo r  support and promoter 
on th e  a c t i v i t y .
(3 )  A study o f  th e  mechanism v ia  th e  p u lse  and TPD
methods.
(4 )  The property  stu d y  o f  the c a t a l y s t  surface  by th e  
use o f  TPD and s p e c i f i c  p o iso n  method.
U n less  p a r t i c u la r ly  s p e c i f i e d ,  the  fo l lo w in g  abbrevia­
t io n  w i l l  be used in  t h i s  t h e s i s :
CB2 : c is -2 -b u te n e
G(?S) : conversion , d efined  as (moles o f  rea c tan t
input - moles o f  unreacted r ea c ta n t  o u tp u t ) /  









e th y len e
propylene
o l e f i n  with carbon number more than 4
r e a c ta n t
t r a n s - 2-butene
temperature programmed d esorp tion
temperature recorded corresponding to  th e  
tim e when the  peak maximum appear on th e  TPD 
chromatogram
y i e l d ,  defined  as (moles o f product o th er  than 
r e a c ta n t ) / (m o le s  o f  reac ta n t  inp ut)




A. M a ter ia l
NH^ ReO^ j^ ----- 9 9 .0 #  p u r i t y ,  su p p lied  by Apache Chemicals
T’-AlgO^----- 99.90" p u r i t y ,  su p p lied  by Harshaw Chemical
Co., Type 0104 (grind to  40-60 mesh)
NaReO^ ------9 9 .9 5 #  p u r i ty ,  su p p lie d  by A lfa  D iv is io n
Ventron Corporation
TiOg ------9 9 .9 #  p u r i ty ,  su p p lied  by Degauss Co.
Z e o l i t e ----- Type 3A, 4A, 5A, and 13X, supp lied  by Union
Carbide (grind to  40-60  mesh)
CaClg  anhydrous, su pp lied  by F ish er  S c i e n t i f i c  Co.
COg  bone dry grade, su p p lie d  by Union Carbide
NH^   anhydrous 99 .99#  p u r i t y ,  su pp lied  by Matheson
Co.
CuO  reagen t grade, su p p lied  by M allinckrodt Co.
E th y len e— 9 9 .7 9 #  p u r i ty  research  grade, su pp lied  by 
P h i l l i p s  Petroleum Co.
Propene-----9 9 .7 9 #  p u r i t y  research  grade, su pp lied  by
P h i l l i p s  Petroleum Co.
T ran s-2 -b u ten e  9 9 .7 9 #  p u r i ty  r e se a rc h  grade
16
B. C a ta ly s t  P rep aration
Each c a t a ly s t  used i s  9.00w^ RegO^ f o r  each support  
and promoter. The m ixture  o f  th e  support (AlgO^ TiOg or 
z e o l i t e )  and th e  aqueous s o lu t io n  o f  th e  promoter (NHj^ ReO^  ^ or 
NaReOj )^ was s t i r r e d  in  e x c e ss  d i s t i l l e d  water at a tem perature  
below th e  b o i l in g  p o in t  o f  water fo r  one day and the water  
was evaported . The product was d r ied  i n  an oven a t  150°C 
f o r  one day.
C. Apparatus fo r  Flow System K in e t ic  Study
The apparatus used in  t h i s  study i s  the  same as th a t  
used by H su(30). The i n l e t  propene and oxygen are d r ied  
s e p a r a te ly  w ith 3A and 4A m olecular s i e v e .  The m olecular  
s i e v e  d r ie r s  are wrapped with h e a t in g  tape  fo r  r e g e n e ra t io n  
at a h igh  tem perature. An o n - l in e  sample v a lv e  i s  used to  
i n j e c t  th e  e f f lu e n t  t o  an F&M Model 810 Gas-Liquid Chromato­
graph to  analyze the  gas phase com p osit io n . A K e ith le y  
Instrument Model 14? n an ov o lt  n u l l  d e t e c to r  and Model 26o 
nan ovolt  source are used fo r  measuring th e  thermal emf. A 
14 f t  lo n g  l /B  inch s t a i n l e s s  s t e e l  column packed w ith  20^ 
b is -2 -m eth o x y e th y l  a d ip a te  on Chromcsorb P i s  used fo r  th e  
GLC column.
D. Apparatus fo r  P u lse  and TPD S tu d ie s
The apparatus used in  th e se  s t u d ie s  i s  shown i n  Figure  









C o n tr o l le rO Trap 1
S.V.2
R e a c ta n t
Oxygeno
Trap 2rO S .V .1
BWEA
He
Low P r e s s u r e  He
1 T h erm istor;  
I Rp.-h 1 '
H igh P r e s su r e  He
F ig ,  1 F low  Diagram  f o r  P u ls e  and TPD S t u d ie s
4A m olecu lar  s i e v e  columns r e s p e c t iv e ly .  The c a r r ie r  gas  
(He) goes through th e  hydrogen reduced cupric  oxide and th e  
m olecular  s i e v e  so th a t  the oxygen and water can be removed. 
The m olecular s i e v e  and cupric  ox ide  columns are operated at 
room temperature and a t  3 5 0 °C r e s p e c t i v e l y .  The m olecu lar  
s i e v e  columns are  regen erated  at 350°C w ith  n itro g en . The 
c u p r ic  oxide column i s  regenerated  w ith  helium d i lu te d  hydrogen 
a t  2 2 0 °C. The system  in c lu d es  a temperature c o n t r o l l e r  to  
c o n tr o l  the  r e a c to r  temperature a t  a co n sta n t value  or to  
r a i s e  the temperature l in e a r l y .  The sw itch  va lv e  1 (S .V . 1) 
i s  used to  i n j e c t  a c o n sta n t  amount o f  r ea c ta n t  to  the  r ea c to r  
c a r r ie d  by He. The tra p s  fo r  sw itch  v a lv e  2 (S.V. 2) are  
used to  trap the  gas e f f l u e n t  w ith l iq u id  n itrogen  fo r  fu r th e r  
a n a ly s i s  by the  th e r m is to r .  The th erm isto r  (Set 1) i s  used  
fo r  d e te c t in g  th e  breakthrough curve when the  p u lse  i s  in je c te d  
or f o r  record in g  the TPD chromatogram. The th erm istor  (Set  
2) i s  used fo r  a n a ly z in g  the gas phase product. An Alumel- 
chromel thermocouple i s  used fo r  d e t e c t in g  the tem perature.
A Gow-Mac Model 40-002 power supply  u n it  s u p p l ie s  
power to  the th e r m is to r s .  A K e ith le y  Instrument Model 14? 
nan ovo lt  n u l l  d e te c to r  and Model 260 nanovolt source are  used 
to  measure thermal emf. A Sargent Instrument Model SR r e ­
corder i s  used to  record  the a n a ly s is  r e s u l t  by th e rm is to r .
An F. L. Moseley Co. Model 135A X-Y record er  records th e  TPD 
chromatogram.
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E. Procedure fo r  K in e t ic  Study
The c a t a ly s t  i s  a c t iv a te d  accord in g  to the standard  
procedure: with dry oxygen at 5 m l/s e c  f o r  about 14 hours
and about 500°C. The c a t a ly s t  i s  th en  coo led  to th e  r e a c t io n  
tem perature in  s t a t i c  oxygen. This procedure i s  exp ressed  
as fo l lo w s :  500®C; 5 m l/s e c  ; 14 hr / /  Rxn @ ***°C.
A fter  a c t iv a t io n  the  whole system , except f o r  th e  
r e a c to r ,  i s  evacuated and purged w ith  th e  mechanical pump and 
r e a c ta n t  r e s p e c t iv e ly  to  avoid contam ination  by oxygen. The 
bulk oxygen in  th e  r e a c to r  i s  then pumped out from downstream  
b e fo r e  the  in j e c t io n  o f  r e a c ta n t .  The space v e l o c i t y  o f  the  
r e a c ta n t ,  propylene, i s  f ix e d  at 6,7S±5% g /h r -g  c a t a l y s t .
Use th e  on l i n e  sampling va lv e , the  product can be analyzed  
a f t e r  a c e r ta in  time in t e r v a l .
F. Procedure fo r  P u lse  and TPD S tu d ie s
The c a t a ly s t  i s  a c t iv a te d  accord ing  to the  standard  
procedure which i s  th e  same as th a t  f o r  th e  k in e t ic  s tu d y .
The helium  and propene are checked to  determine i f  th e y  are  
f r e e  o f  oxygen before  be in g  introduced to  the  r e a c to r .  The 
c a t a l y s t  i s  coo led  in  s t a t i c  oxygen to  th e  r ea c t io n  tempera­
tu r e  a f t e r  a c t iv a t io n .  Then th e  bulk oxygen i s  pumped out  
fo l lo w e d  by the in tr o d u c t io n  of the  c a r r ie r  gas. The whole  
system  i s  then purged with oxygen f r e e  helium fo r  a h a l f  hour
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fo l lo w e d  "by i n j e c t io n s  o f  a known amount o f  propene a t  a 
c o n sta n t  t im e i n t e r v a l s .  The gas phase e f f lu e n t  i s  trapped  
by l i q u i d  n itr o g e n  f o r  a n a ly s i s  by th e r m is to r .
The TPD study i s  ca rr ied  out r ig h t  a f t e r  th e  p u ls e  
stu dy  by r a i s in g  th e  r e a c to r  temperature l in e a r l y  in  t im e .
The desorbed  m ater ia l  goes  through th e  th erm istor  f i r s t  and 
th en  through the l iq u i d  n itr o g e n  tr a p ,  so th a t  the TPD chro­
matogram can be recorded and the desorbed m ater ia l can be 
a n a ly zed . F in a l ly ,  oxygen i s  in j e c t e d  p u ls e  by p u l s e  to  burn 
th e  coke away so th a t  an o v e r a l l  mass ba lan ce  can be made.
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CHAPTER I I I  
RESULTS
I .  EFFECT OF REACTION TEMPERATURE
Figure 2 i l l u s t r a t e s  the  tim e-dependence k i n e t i c  curve  
and th e  product d i s t r i b u t i o n  o f  propylene m eta th es is  c a r r ie d  
out over the  NHj^ReO^pZ/AlgO^  c a t a ly s t  a t  0°C. 0 .5119  g c a ta ­
l y s t  i s  used with f lo w  system stu d y . F igu res 3 to  6 i l l u s ­
t r a t e  th e  k in e t ic  curve and product d i s t r ib u t io n  at d i f f e r e n t  
r e a c t io n  temperature, i . e .  25°C, 50°C, 103°C, and 203°C.
The o l e f i n  m e ta th e s is  r a te  o f th e  vapor phase may be 
c a lc u la t e d  with th e  f o l lo w in g  equation  which was su g gested  by 
DcMourgunes e t  a l . ( 5 6 ):
R = X (V /22400)(2 7 3 /T ) (P/760)(3600/W ) (1)
= XF(3600/W) a t  0°C and 1 atm (2)
where, R = r e a c t io n  r a t e  (gm ole/g c a ta ly s t - h r )
X = f r a c t io n a l  con version
V = volume f lo w  r a te  o f  th e  gas a t  experim ental  
c o n d it io n  (m l/s e c )
T = a b so lu te  r e a c t io n  tem perature (°K)
P = p a r t ia l  p r e ssu re  of th e  r e a c ta n t  ( to rr )
W = c a ta ly s t  mass (g)
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F = gas molar f lo w  r a te  a t  1 atm and 0 °C (gm ole /sec )  
During the  study of the r e a c t io n  temperature e f f e c t ,  
th e  space v e l o c i t y  i s  f ix e d  at a co n sta n t v a lu e ,  i . e .  6 . 75g /  
h r -g  c a t a l y s t .  The space v e l o c i t y  may be c a lc u la te d  from 
th e  id e a l  gas law as shown below where the time f a c to r  i s  
added to  the  volume term:
N = (PV)/(RT) (gm ole /sec)  (3)
= (P V )(3600 )/(8 2 .06 T ) (gm ole/hr) (4)
= (PV)(3 6 0 0 ) (M/W)/(82.06T) (g /h r -g  c a t a l y s t )  (5)
= 43.87(PVM)/(WT) (g /h r -g  c a t a l y s t )  ( 6 )
= WHSV (7)
where P = p a r t i a l  p ressu re  o f  th e  reac tan t  (atm)
V = volume f lo w  ra te  o f  th e  gas at experim ental
c o n d it io n  (m l/sec )
R = gas co n sta n t  (82 .06  atm-ral/gmole-°K)
T = r e a c t io n  temperature (°K)
M = m olecu lar  weight o f  th e  reactan t  
W = c a t a l y s t  weight (g)
By comparing th e se  d e r iv a t io n s ,  an im p l ic i t  r e l a t io n ­
sh ip  between r a te  and space v e l o c i t y  may be found as:
WHSV = 3600(F/W)M (8 )
The b r e a k - in  i s  observed o n ly  when the  r e a c t io n  i s
c a r r ie d  out at i c e  tem perature. I t  takes about 50 minutes
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to  reach  th e  maximum r e a c t io n  r a te  b e fo re  th e  d e a c t iv a t io n  
s t a r t s .  Only the d e a c t iv a t io n  p er io d  i s  observed when the  
r e a c t io n  i s  carr ied  out a t  temperatures h igh er  than 0°C.
Figure 2 in d ic a t e s  th a t  the  r a t i o  o f  eth y len e  to  bu- 
te n e s  i s  h igher than th e  s to ic h io m e tr ic  v a l u e ( i . e .  1 ) a t  th e  
b e g in n in g (5 7 , 58) then  d ecrea ses  to  a co n sta n t  value which i s  
l e s s  than one. The same tendency i s  observed i f  th e  r e a c ­
t io n  i s  ca rr ied  out a t  2 5 °C, although th e  i n i t i a l  va lu e  i s  
l e s s  than one(F ig . 3)* A constan t v a lu e ,  sm aller  than one, 
fo r  th e  r a t io  o f  e th y le n e  to  butenes i s  observed i f  th e  r e a c ­
t i o n  temperature i s  h igh er  than 25°C (Figures 4, 5, and 6 ) .
Figure 2 shows th a t  the r a t io  o f  t r a n s - 2 -butene to  
c i s - 2-bu ten e  in c r e a se s  w ith time then d ecrea ses  a f t e r  reach ­
in g  a maximum and th e  va lu e  i s  always sm a ller  than th e  thermo­
dynamic equilibrium  v a l u e ( i . e .  3*92 a t  0°C ). At h igh er  
r e a c t io n  temperatures (F igures 3, 5, and 6 ) t h i s  v a lu e  i s
a co n sta n t  except a t  203° C where i t  d e c re a ses  with t im e.
Figure 2 shows th a t  the r a t io  o f  E to  B i s  h igh er  
than one a t  the beg in n in g  then d ecreases  to  a value which i s  
l e s s  than one. This r e s u l t  may g iv e  some su g g es t io n s:  (1) 
more B i s  adsorbed a t  the  beginning and/or (2) the produc­
t i o n  o f  E and B f o l lo w  d i f f e r e n t  r o u te s  and/or (3) the  
produced E may have a fu r th e r  r e a c t io n  depending on th e  
c o n c en tr a t io n  o f  th e  adsorbed m a ter ia l  on the  su r fa ce .
At higher r e a c t io n  temperatures (F igures 4, 5 , and 
6) ,  i t  seems that th e  r e a c t io n  r a te  to  produce butenes i s
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enhanced and the e x te n t  i s  higher than th a t  for  e th y len e  so 
th a t  th e  r a t io  o f  e th y len e  to  butenes becomes a co n sta n t  which 
i s  l e s s  than one. Such r e s u l t  may a ls o  be r e s u l t e d  from
the p o s s i b i l i t y  th a t  both  the p rod u ction s o f  E and B are en­
hanced by higher r e a c t io n  temperature, but E has fu r th e r  r e ­
a c t io n .  The p rod u ctio n  o f  o is -2 -b u te n e  i s  thermodynamically  
favored  at higher r e a c t io n  temperature so th a t  the  r a t i o  o f  
t r a n s - 2-butene to  c i s - 2 -butene d e c r e a se s  w ith  in c r e a s in g  r e ­
a c t io n  tem perature(F igures 3,  4, and 5 ) .  That the  t r a n s - 2 -  
butene to  c i s - 2-bu ten e  r a t i o  d ecrea ses  w ith  time may be due 
to  th e  p o iso n in g  o f  s i t e s  producing t r a n s - 2- butene or th e  
s t e r i c  e f f e c t  upon the  form ation o f  tr a n s -2 -b u te n e (F ig .  6 ) .
The s e l e c t i v i t y  o f  propylene m eta th es is  to  e th y le n e  
and butenes over the NH^ ^ReO^ /^AlgO^  c a t a l y s t  i s  100^,
However, a t 203°C a t r a c e  o f  1-butene i s  observed amounting 
to  about 2^ o f  the  t o t a l  conversion .
Table 1 i l l u s t r a t e s  the time-dependence o f  the con­
v e r s io n .  The co n v e rs io n  in c re a se s  w ith  in c r e a s in g  r e a c t io n  
tem perature but then d ecreases  r a p id ly  a f t e r  a c e r ta in  tem­
p era tu re  due to  s i t e  p o iso n in g .
Figure 7 compares the r e a c t io n  r a te  on the same s c a l e .  
Apparently , the  d e a c t iv a t io n  r a te  i s  very  f a s t  when th e  r e ­
a c t io n  temperature i s  h igh er  than 103°C. An i n t e r e s t i n g  
r e s u l t  i s  found, i . e . ,  th e  ra te  p r o f i l e  a t  50 '^ C has th e  s low ­
e s t  d e a c t iv a t io n  r a t e .  A c o r r e la t io n  o f  th ese  t im e-on -  
stream  r a te  data  w ith  th e  mathematical model proposed by Hsu
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I n i t i a l Maximum F in a l
Time(min) c ( # ) Time(min) C(%) Time(min) C(#)
o°c 3 .0 2 .6 4 5 0 .0 3 .8 7 2 4 0 .0 3 .0 3
25°G 1 .5 9 .4 1 —----- -------- 2 4 0 .0 5 .3 4
5 0 ° c 4 .5 1 4 .5 -------- --- ---- 2 6 0 .0 1 1 .2 3
103°c 3 .5 2 8 .1 -------- -------- 2 5 3 .0 1 7 .2
203°C 5 .5 3 1 .0 5 — — — — — — — — 2 4 4 .5 1 .5 9
w
Table 1 I l l u s t r a t i o n  o f  Tim e-dependence C on version  a t  
D i f f e r e n t  R e a c t io n  Temperature
F ig .  7 mi^ReOi^/AlgO^ 
G Rxn @ 0 ®C 
0  Rxn @ 25^C  
^  Rxn @ 50°C  
3  Rxn @ 103®C  
a  Rxn (3 203 







Time (h r )
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(3 0 ) shows th a t  t h i s  o b serv a tio n  i s  c o n s i s t e n t  with th e  de­
a c t iv a t io n  r a te  c o n s ta n ts  obtained from th e  c o r r e la t io n .
Table 2 shows th e  b r e a k - in  r a te  and d e a c t iv a t io n  r a te  are f i r s t  
order w ith  r e sp ec t  to  th e  adsorption  a c t i v e  s i t e  d e n s i ty  and 
the a c t i v e  s i t e  d e n s i t y .
The o b serv a t io n  o f  the most s t a b le  r e a c t io n  a t  50°C 
i s  o f  va lu e  fo r  fu r th e r  study s in c e  i t  i s  important t o  th e  
p r a c t i c a l  a p p l ic a t io n .  To m aintain a s t a b le  a c t i v i t y  and to  
m inim ize the a c t i v i t y  d i f f e r e n c e  between th e  i n i t i a l  and steady  
s t a t e  p er io d s  are im portant fo r  p r a c t i c a l  u se .  S ince  th e  r e ­
a c t io n  temperature may a f f e c t  the ad so rp tion  amount and the  
p rod u ction  o f  high m olecu lar  weight products  and coke, i t  i s  
proposed that th e  dependence of the d e a c t iv a t io n  r a te  upon the  
r e a c t io n  temperature can be a t tr ib u te d  to  th e  su p e r p o s it io n  
o f  th e s e  two f a c t o r s .  I t  i s  w e ll  known th a t  the lower tem­
p era tu re  the h igher ad sorp tio n  amount w h ile  th e  h igher tem­
p era tu re  the more h igh  m olecular weight products and coke pro­
duced.
The f lo w  system  k in e t ic  study i s  ca rr ied  out again  
fo l lo w e d  by purging th e  whole system w ith  oxygen f r e e  helium  
to  g e t  r id  o f  th e  gas phase hydrocarbon and the  p h y s i c a l ly  
adsorbed r e s id u e .  A fte r  t h i s  s tep  TPD i s  used to  desorb  the  
c h em ica lly  adsorbed r e s id u e  and t h i s  i s  fo l lo w ed  by an i n j e c ­
t i o n  o f  oxygen to  burn th e  coke away. The same procedure  
has been carr ied  out a t  th ree  r e a c t io n  temperatures and the  
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k ( h r - l )
0 .118
0 .0432
0 .1 1 4
0 . 692*
0 .5 76
* the d e a c t iv a t io n  i s  too  f a s t  to  be w e ll  
measured
Table 2 The R e su lt  o f  C o r re la t io n
Part A: r a te  equation s o f  some s p e c ia l  c a se s  
Part B; break-in  and d e a c t iv a t io n  orders  
a t 0°C
P art C; d e a c t iv a t io n  r a te  constant o f  f i r s t  
order d e a c t iv a t io n
3 4
25*0 50°C 103 °c
E I . 299E-7 7 . 934E-8 2 . 653E-7
P 4 . 54IE- 6 3 . 215E- 6 7 .OO9E-6
1-B I . 25IE-7 6.102E-8 8.557E-8
TB2 I . 796E-6 5.142E-7 1 .1 2 6 e- 6
CB2 6 .477E- 7 2.385E-7 4.779E-7
P+ 1.647E-7 5 . 60IE-8 4.597E-8
T otal 7 .404E-6 4.164E-6 9 .OO9E-6
COg 2.285E-6 1.409E-6 4 . 343E-6
Table 3 TPD R e su lt s  Obtained A fte r  th e  C ata lyst  
Has Been Used fo r  K in e t ic  Study for  
H alf Hour
0 .5119 g c a ta ly s t ;  11.68®C/min 
( a l l  v a lu e s  are gmole)
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t i o n  amount a t  50°C, no m atter  i f  hydrocarbon or carbon d io x id e  
i s  counted , i s  l e s s  than th a t  at 25°C and 103°C. This can  
p a r t i a l l y  prove the s u p e r p o s i t io n  e f f e c t  proposed above.
F igure  8 dem onstrates the dependence of a c t i v i t y  upon 
th e  r e a c t io n  tem perature a f t e r  a c e r ta in  r e a c t io n  t im e. From 
t h i s  f i g u r e  some o b se r v a t io n  may be drawn: (1 )  The i n i t i a l  
a c t i v i t y  in c r e a se s  w ith  r e a c t io n  tem perature and then reach es  
a c o n s ta n t  va lu e  (2) The most s ta b le  r e a c t io n  temperature i s  
around 50° C because th e  a c t i v i t i e s  are about the same a f t e r  2 
and 4 hours r e a c t io n  tim e (3) The h ig h e s t  a c t i v i t y  i s  around 
1 0 0 °C (4) The b rea k -in  p e r io d  w i l l  p o s s ib ly  be observed below  
8°C.
I I .  EFFECT OF SOURCES FOR SUPPORT AND PROMOTER
As mentioned in  chapter  I ,  i so m e r iz a t io n  r e a c t io n  
always accompanies th e  m eta th es is  r e a c t i o n ( 2 ) .  By adding la  
or I l a  group metal io n s  th e  su rface  a c i d i t y  may be changed 
and th e  iso m e r iz a t io n  may be d e p r e s s e d (2 ,2 2 ) ,  Therefore, 
u s in g  NaReOj  ^ as a promoter i s  proposed in s te a d  o f  NH^ ReOj  ^ to  
study th e  metal e f f e c t .  Some rev iew s r e la t e d  to  th e  use o f  
TiOg as a support(2?) to  change the  c a t a l y s t  p r o p e r t ie s  and 
r e la t e d  to  the use o f  z e o l i t e  to improve th e  c a ta ly s t  l i f e  
(28) are g iv en . These rev iew s a ls o  su g g es t  the  use o f  Ti02  
or z e o l i t e  as the  support in s te a d  o f  AlgO^.
NaReOj^y/Al^O  ^ i s  made by adding A l20^(40-6o mesh) to
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the  NaReO  ^ s o lu t io n  then  f o l lo w  the p rep a ra tio n  procedure 
mentioned i n  chapter I I .
NH^ReOi^/TiOg. NHj^ReO£ /^3A z e o l i t e ,  and NHj^ReO^ /^l3X 
z e o l i t e  are  made by adding TiOg, 3A z e o l i t e ,  and 13X z e o l i t e  
to  th e  s o lu t io n  r e s p e c t i v e l y .  About 0 .5  g c a ta ly s t
i s  used f o r  stu dy . Except fo r  NHj^ReO^ /^TiOg th e  p a r t i c l e  
s i z e  o f  40 -60  mesh are used because TiOg i s  powder.
II-A  R esu lt  o f  NaReOji /^Al^O^
The a c t i v i t y  o f  t h i s  c a t a ly s t  i s  a lm ost n e g l ig i b l e .  
Table 4 shows th a t  the  i n i t i a l  a c t i v i t y  i s  two order l e s s  
than the  i n i t i a l  a c t i v i t y  o f  NH^ j^ReOj /^AlgO^  even when the r e ­
a c t io n  temperature i s  r a is e d  to  200°C. There are two p o s s i ­
b le  reason s f o r  t h i s  r e s u l t :  (1) the p resen ce  o f  sodium may 
r e s u l t  in  a s tr u c tu r e  not s u i t a b le  fo r  th e  form ation  of meso- 
perrhenate  s tr u c tu r e  (2) th e  con cen tra tion  o f  sodium may r e ­
s u l t  in  d i f f e r e n t  a c id i t y  f o r  r e a c t io n .
II-B  R esu lt  o f  NHj^ReOjj /^TiOg
Table ^ shows th a t  some lo s s  o f rhenium i s  observed  
when the  c a t a l y s t  i s  a c t iv a te d  a t  500°C a lthough  i t  i s  not  
known e x a c t ly  what the dark blue  vapor i s . U su a lly  the  
c a ta ly s t  a c t i v i t y  in c r e a se s  w ith  in c re a s in g  a c t iv a t io n  tem- 
p e r a tu r e (3 0 ) , but Table 4 shows th a t  the  i n i t i a l  a c t i v i t y  i s  
higher  when a c t iv a te d  a t  3 0 4 “c than th a t  a c t iv a t e d  at 500°C. 
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509/14
5 0 6 /1 4
5 0 5 /1 4
5 0 5 /1 4
5 0 7 /1 4
5 0 8 /1 4
5 0 5 /1 4
5 0 7 /1 4
5 1 1 /1 4
5 0 5 /1 5
5 0 9 /1 7
3 0 4 /1 3
5 1 0 / 1 2
5 0 6 / 1 3
5 0 5 / 1 5
506/ 1 4 .5
5 0 6 / 1 6 . 5
5 0 8 / 1 6
535/15
317/16
3 0 6 / 1 6
5 0 6 / 1 6
5 0 6 / 1 6
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0 . 0
2 0 1 . 0
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0.0
2 0 2 . 0
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dark b lu e  vapor
dark b lu e  vap or
dark b lu e  vap or  
no more change
ith  m ajor m eta l io n  K
T ab le  4 Com parison o f  Tem perature Change When P r o p y le n e  i s  In tro d u c ed  to  
th e  R ea c to r , I n i t i a l  A c t i v i t y ,  and A c t iv a t io n  Phenomena w ith  
D if f e r e n t  C a t a ly s t  a t  D i f f e r e n t  A c t iv a t io n  T em perature
la r g e r  when a c t iv a te d  a t  3 0 0° C. The a c t i v i t y  o f t h i s  c a ta ­
l y s t  i s  lower than th a t  o f  NHj^ReOj /^AlgO  ^ can be expla ined  by 
the  f a c t  th a t  the  i n t e r a c t io n  between NH^ ReO^  ^ and TiOg i s  n o t  
stron g  enough to hold th e  promoter on th e  support so th a t  
l o s s  i s  observed.
II-G R esu lt  o f  NHj^ReO^/l3X z e o l i t e
The a c t i v i t y  o f  t h i s  c a ta ly s t  i s  a l s o  n e g l ig i b l e .  
Table 4 shows th a t  no l o s s  i s  observed during  the a c t iv a t io n  
and th e  temperature change in  response to  th e  in j e c t io n  o f  
propylene  i s  h igher  than th a t  of NH^ReO^/AlgCy,' The h ig h er  
tem perature change may be a t tr ib u te d  to  th e  h igher e x te n t  o f  
a d so rp tio n  due to  th e  la r g e r  pore s i z e .  The a c t i v i t y  i s  not  
observed u n t i l  301*C can be due to  th e  p resen ce  o f  SiOg in  
the support which was proposed by L in ( 5 5 ) . The p resen ce  o f  
sodium in  th e  support may a l s o  p lay  an important r o le  in  a f f ­
e c t in g  th e  a c id i t y  and s tr u c tu r e  o f  the  c a t a l y s t .
II-D  R esu lt  o f NH^ReO^/l3X z eo l ite (C a )
S in ce  the  p resen ce  o f  sodium in  th e  c a ta ly s t  has a 
n e g a t iv e  e f f e c t  on th e  a c t i v i t y ,  io n  exchange method i s  app­
l i e d  to  r ep la c e  the sodium by calcium . This idea i s  from 
the  f a c t  th a t  calcium  c o n ta in in g  z e o l i t e  i s  good fo r  th e  ca ­
t a l y t i c  cracking r e a c t i o n ( 6 0 ) . In  a d d it io n ,  the e l e c t r i c  
f i e l d ( 61) ,  su rfa ce  a r e a (6 2 ) ,  and a c id i t y ( 6 3 )  may be a f f e c t e d
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by such  a change. The r e s u l t  in  Table 4 shows th a t  th e  tem­
p e r a tu r e  change becomes la r g e r  and th e  a c t i v i t y  i s  observed  
a t  a  low er  r e a c t io n  tem perature(202°C ). Therefore, th e  sub­
s t i t u t i o n  o f  sodium by calcium  has a p o s i t i v e  e f f e c t  on the  
a c t i v i t y .  I f  th e  change o f  temperature r ep re sen ts  th e  e x te n t  
o f  a d so rp t io n  then t h i s  c a t a l y s t  should  have a low er a c t i v i t y  
due to  h igh er  tem perature change. This i s ,  however, n o t the  
c a s e .  T herefore, th e  temperature change may a lso  in c lu d e  
th e  h ea t  o f  r e a c t io n  or  th e  temperature change on ly  s tan d s  
f o r  th e  ex ten t  o f  a d so rp t io n  but both  the ad sorp tion  and r e ­
a c t i o n  are enhanced by io n  exchange.
I I - E  R esu lt  o f  NHj^ReOjij_/3A(K) z e o l i t e
The r e s u l t  shown in  Table 4 in d ic a t e s  th ere  i s  no 
a c t i v i t y  a t  0®C and rhenium l o s s  i s  observed during th e  a c t i ­
v a t i o n .  The low a c t i v i t y  may be exp la in ed  by (1) th e  p r e ­
se n c e  o f  potassium  (2 )  the  p resen ce  o f  S i 02 in  th e  support  
(3) l o s s  o f  rhenium (4) low ad sorp tio n  c a p a b i l i ty  because  the  
tem perature change upon th e  in tr o d u c t io n  o f  propylene i s  
s m a l l .
I I - F  R esu lt  o f  NH2(.^eO^/3A(Ca) z e o l i t e
For th e  same rea so n  as d is c u sse d  in  S e c t io n  I I -D , the  
io n  exchange method i s  ap p lied  to s u b s t i t u t e  potassium  by 
ca lc iu m . The r e s u l t  in  Table 4 shows that the a c t i v i t y  a t  
low er  a c t iv a t io n  tem perature i s  h ig h er  than that a t  a h igh er
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a c t i v a t i o n  tem perature. This r e s u l t  i s  due to th e  l o s s  o f  
prom oter. A comparison o f  the tem perature change w ith  th a t  
o f  S e c t io n  I I -E  s u g g e s t s  th a t  the  io n  exchange changes e i t h e r  
th e  s t r u c tu r e ,  or th e  e l e c t r i c  f i e l d ,  or su rface  area  or the  
com bination o f  th e se  f a c t o r s  o f  th e  c a t a l y s t .
II-G  Cross Comparison o f  The E f f e c t  o f  Sources
Figure 9 shows th a t  the NHj^ReO^p/TiOg c a ta ly s t  a c t i v a ­
ted  a t  304°C has a h igh er  i n i t i a l  a c t i v i t y  than th e  NH^ReO^/ 
I 3X z e o l i t e (C a )  c a t a l y s t  i f  the r e a c t io n  i s  carr ied  out around 
200®C. However, th e  former has h ig h er  d e a c t iv a t io n  r a t e  
than th e  l a t t e r .  S in ce  the  NHj^ReO y^'l^X z e o l i t e  and th e  
NH^ReO^/3A z e o l i t e  c a t a l y s t s  have low er a c t i v i t i e s  than th ose  
o f  th e  io n  exchanged c a t a l y s t s ,  th e y  w i l l  not be d is c u s s e d  
f u r th e r  in  the f o l lo w in g .
Figure 10 shows th a t  due to  l o s s  the  NH|j^ReGj /^3A(Ca) 
z e o l i t e  c a t a l y s t  has h igh er  a c t i v i t y  a c t iv a te d  a t  31?°C than  
a c t iv a t e d  a t  306°C. This c a t a l y s t  has h igh er  d e a c t iv a t io n  
r a te  when the r e a c t io n  i s  carr ied  out a t  3 0 2 °C than a t  204^0. 
This may be a t tr ib u te d  to  p o iso n in g  r e s u l t in g  from c ra c k in g  
and co k in g .
Figure 11 shows th a t  the  fo l lo w in g  r e la t io n s h ip  o f  
a c t i v i t i e s  e x i s t s :  NH^ReO^/Al202)»NH^ReO^/3A(Ca) z e o l i t e  >  
NHji^ReOy^l3X(Ca) z e o l i t e .  Furthermore, th e  c a t a ly s t s  supp­
o r ted  by z e o l i t e s  have lower d e a c t iv a t io n  r a te  than th a t  
supported by AlgO^. This o b ser v a t io n  may be exp la ined  by
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Act. @ 30lf®C ; 13 hr / /  Ran @ 20^°C 
6  NHi^ ReOi^ /13X zeo lite  (Ca)











Fig. 10 0 NHi^ ReOi^ /3A zeo lite  (Ca)
Act. @ 506°C ; 16 hr / /  Rxn @ 202°C 
A NHi^ ReOi^ /3A zeo lite  (Ca)
Act. @ 317°C ; 16 hr / /  Rxn @ 204?C 
Q NHi^ ReOi^ ./3A zeo lite  (Ca)
Act. § 308°C- ; 16 hr / /  Rxn @ 302°C














F ig .  11 Q NHij^ReCi /^AlgO^
Act. @ ?07°C ; Ilf hr / /  Rxn @ 203°C 
© NHi^ ReOi^ /13X zeo lite  (Ca)
Act. @ 508°G ; 16 hr / /  Rxn @ 202°C 
& HHij.ReOi^ /3A zeo lite  (Ca)
Act. @ 506°C ; 16 hr / /  Rxn @ 202°C 
• R%ReO^ /3A zeo lite  (Ca)
Act. & 317°C ; 16 hr / /  Rxn @ 204^C
1.0 2.0 3.0  
Time (hr)
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th e  e x i s t e n c e  o f  SiOg in  th e  support. The c a t a ly s t  suppor­
te d  by 3A(Ca) z e o l i t e  has a higher a c t i v i t y  than th a t  suppor­
t e d  by 13X(Ga) z e o l i t e .  This may be due to  the  h ig h er  con­
c e n t r a t io n  o f  AlgO^ th e  3A(Ca) z e o l i t e  than in  th e  13X(Ca) 
z e o l i t e .  T herefore, i t  seems th a t  th e r e  i s  some kind o f  
r e l a t io n s h ip  between th e  c o n c en tr a t io n s  o f  alumina and s i l i c a ,  
a lth o u gh  i t  i s  unknown, which cau ses  d i f f e r e n t  a c t i v i t y .
From Table 4  and F igures 9,  10, and 11 the  f o l lo w in g  
r e l a t io n s h ip  may be drawn about th e  r e l a t i v e  a c t i v i t y :  
^Z{.Re02y'A l20^)> NHjij^ReO£j/3A(Ca) z e o l i t e ) »  NH^^ReO y^TiOg ^  
NHij,^sOiyi3X(Ca) z e o l i t e ^  NaReOij/AlgO^ ^  NHji^Re02yi3X z e o l i t e .
I l l  STUDY OF MECHANISM VIA PULSE TECHNIQUE
B egley  and W ilson(36) s tu d ied  th e  propylene m eta th es­
i s  u s in g  tu n gsten  o x i d e - s i l i c a  c a t a l y s t .  They c o r r e la te d  
th e  d a ta  w ith  R ideal and Langmuir-Hinshelwood models and 
found t h a t  the R ideal model f i t t e d  th e  experim ental d a ta .  
Kemball e t  a l . (7 ) ,  and W ills  e t  a l . (3 7 .3 8 )  stu d ied  th e  pro ­
p y le n e  m e ta th es is  u s in g  d i f f e r e n t  c a t a l y s t s  and found th a t  
th e  Langmuir-Hinshelwood t w o - s i t e  model adequately  c o r r e la te d  
th e  experim ental d a ta . They used a f lo w  system fo r  t h e i r  
k i n e t i c  s t u d ie s .  However, according t o  the a u th or 's  exper­
ie n c e ,  i t  takes about two minutes to  a d ju s t  the  f lo w  r a t e  to  
th e  d e s ir e d  va lue  i f  a f lo w  system stu dy  i s  ap p lied . Thus, 
i f  th e  r e a c t io n  i s  s im i la r  to  the p o ly m er iza t io n  r e a c t io n ,  
i . e .  in c lu d in g  th e  i n i t i a t i o n  and propagation  s te p s ,  th en  i t
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i s  l i k e l y  th a t  they  m issed  the i n i t i a t i o n  step  e s p e c i a l ly  
when th e  i n i t i a t i o n  s te p  i s  a f a s t  r e a c t io n .  A ccordingly ,  
the p u ls e  technique i s  su ggested  so  th a t  the  elem entary step  
may be in v e s t ig a te d  although i t  i s  s t i l l  d i f f i c u l t  to  draw 
d e f i n i t e  c o n c lu s io n  about the k in e t i c  parameters from the  
p u lse  tec h n iq u e . The a n a ly s is  o f  th e  experim ental r e s u l t  
h ere in  i s  based on the  m a ter ia l  b a la n ce , so a good c a l ib r a t io n  
of th e  equipment i s  n e c e ssa r y .
The r ea c ta n t  used in  t h i s  study was mainly p rop y len e ,  
but tra n s-2 -b u te n e  was a l s o  used. The r e a c to r  used was main­
l y  a 3 /4"  g la s s  s e a l in g  tube with f r i t t e d  d isk ,  but sometimes 
a 3/ 8 " r e a c to r  was a ls o  used , The c a t a l y s t  used was about
0.5 g NH^ReOj^/AlgO^. arid the  exact amount i s  shown on th e  
f ig u r e s  and t a b le s .  To check the m ater ia l  b a la n ce , each
f ig u r e  i s  fo llo w ed  by a t a b le .  There are two rows on the  
ta b le  corresponding to every o l e f i n ,  the  f i r s t  row r e p r e se n ts  
the number of moles o f  th a t  o l e f i n  and th e  second row rep re ­
se n ts  th e  number o f  carbon atoms. Sometimes, however, the  
second row i s  skipped.
III-A  General Study w ith  P u lse  Technique
In t h i s  s e c t io n  th e  s tu d ie s  w ith  d i f f e r e n t  r e a c t io n  
tem peratures, bed t h ic k n e s s e s ,  c a r r ie r  gas f low  r a t e s ,  and 
p u lse  s i z e s  are d e sc r ib ed . The equipment i s  shown in  F igure
1. The c a t a ly s t  was f i r s t  a c t iv a te d  w ith  w a te r -fr ee  oxygen 
for  o v ern ig h t a t  300°C, then coo led  to  th e  r e a c t io n  temperature
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in  i s o l a t e d  oxygen. Before in tro d u c in g  the oxygen f r e e  
helium  as the c a r r ie r  gas to the  r e a c to r ,  the c a t a l y s t  was 
evacuated fo r  5 m inutes a t  the r e a c t io n  temperature to  remove 
th e  hulk phase oxygen. A p u lse  o f  con stan t amount, oxygen- 
f r e e  r ea c ta n t  was in j e c t e d  in to  the  c a r r ie r  gas every 45 
m inutes and the e f f l u e n t  gas was trapped by l iq u id  n itr o g e n  
fo r  fu r th e r  a n a ly s is  by the th e rm is to r .  A fter  the  in j e c t i o n  
and a n a ly s is  o f  5 p u l s e s ,  the TPD was app lied  to  desorb the  
c h e m ic a lly  adsorbed o l e f i n s ,  fo llo w ed  by the in j e c t i o n  o f  
oxygen to  burn away the  coke so the m a ter ia l  balance could  
be made. The TPD a p p lied  was a t  th e  r a te  of 11.68°C /m in,
Figure 12, a ty p ic a l  r e s u l t  o f  p u lse  study, shows 
product d i s t r ib u t io n  as a fu n c t io n  o f  p u lse  number. The 
fo l lo w in g  ta b le .  Table 5, shows the m a ter ia l  balance o f  t h i s  
stu d y . From th e se  f ig u r e  and ta b le  th e  fo l lo w in g  r e s u l t s  
can be observed:
(1) The p rod u ction  o f  TB2 in c r e a se s  w ith  p u lse  number. 
This f a c t  may be a t t r ib u te d  to  the  e x te n t  of su rface  sa tu r a ­
t i o n  which in c r e a se s  w ith p u lse  number so  that TB2 i s  not as 
e a s i l y  adsorbed and /or  to the number o f  a c t iv e  s i t e s  f o r  pro­
ducing TB2 which a l s o  in c re a se s  w ith  p u ls e  number.
(2) TB2/CB2 i s  always a c o n sta n t ,  although i t  i s  l e s s  
than the  equ ilibr ium  v a lu e .  This f a c t  may su gg est  th a t  some 
kind o f  thermodynamic equ ilibrium  has been reached between  
TB2 and CB2.










P ig.12 0 . 49? g ; 0.2 cm
Act. @ ^Of C 5 12 hr ; Rxn @ S4°C 
7.76  micro gmole/pulse 
He; 3if ml/min 
3 . 09# Re covered
- - - - -  catalyst treated with COp in 




















2 . 367E- 6
3 0 . 5





1 .4 3 3
2 .6 2
2 2 .9
2 .3 4 8 E -6
3 0 .2
1 .3 1 3
2 . 62
2 8 .2
2 .3 2 4 E -6
2 9 .9
1 .0 8 9  
2 .6 6  
3 0 .1
2 .4 2 3 E -6
3 1 .2
1 .0 3 8
2 .6 0
3 0 . 5
E 1 .201 E -6 1 .0 4 6 E -6 1 .2 4 1 E -6 I . 227E-6 1 .2 0 1 E -6
CO2 8 .7 8 2 E -7
P 5 .3 9 3 E -6 5 .4 6 8 E -6 5 .4 1 2 E -6 5 .4 3 7 E -6 5 .3 37 E -6 7 . 207E-8 3 . 07IE-7
1-B 3 . 490E-9 I . 930E-8 3 .292 E -8 4 . 1 08E-8 4 .4 77 E -8 3 . 62OE- 9 4 .9 8 5 E -8
TB2 1 .819 E -7 5 .1 42E -7 6 .577 E -7 7 . 717E-7 8 . 026E-7 9 .435 E -8 4 .8 7 4 e - 7
CB2 6.958E -8 1 .9 6 2 E -7 2 .512 E -7 2 .8 9 7 E -7 3 . 088E-7 3 . 574E-8 2 .1 7 7 E -7
P+ 7 .3 4 4 e- 10 4 . I 23E-9 6 . I 27E- 9 8 . 4 92 E-9 9 .OO6E- 9 2 .9 9 3 E -9 6 .46 2E -8
Carbon I . 965E-5 2 . 143E -5 2 . 250E- 5 2 .3 2 2 E -5 2 . 308E-5 7 . 936E-7 5 .1 4 3 E -6
Carbon
Loss
3 . 68OE- 6 I . 8 5OE-6 7 . 73OE-7 5 . 8 OOE-8 2 .000 E -7
5 .9 6 4 E -6
T o ta l  Loss= 6 . 56OE- 6  
TPD Carbon/Rhenluin= 3 .0 9 ^
D e v ia t io n =  9 .9 ^
Table 5 0 .4 9 5  g (0 .2 cm ) ; He; 34 m l/m in
A c t .  @ 501° C ; 12 hr 5 Rxn @ 24*0 
R eactan t: 5P ; 7 . ? 6  m icro g m o le /p u ls e  
( a l l  v a lu e s  a r e  gmole u n l e s s  s p e c i f i e d )
A comparison o f  the  p ro d u ctio n  curves f o r  TB2 and E seems to  
show t h a t  th e  r e a c t io n  does not fo l lo w  th e  Rideal or Langmuir- 
Hinshelwood models a t  th e  b eg in n in g .
(4 )  The abnorm ally h igh  r a t io  o f  E/B a t  the beg inn in g  
may a l s o  support t h i s  s u g g e s t io n  th a t  th e  r e a c t io n  does not  
f o l lo w  th e  Rideal or Langmuir-Hinshelwood models a t  the  b e g in ­
n in g .  The r a t io  o f  E t o  B would be u n i ty  i f  the r e a c t io n  
did  f o l lo w  one o f  th e s e  m odels.
(5 )  The amount o f  propylene in  th e  e f f lu e n t  stream  
i s  a c o n s ta n t  v a lu e .  Two f a c t o r s  may e x p la in  t h i s  observa­
t i o n .  F i r s t ,  the amount o f  propylene adsorbed d ecreases  
w ith  in c r e a s in g  p u lse  number, so the amount o f  propylene in  
th e  e f f l u e n t  stream in c r e a s e s  with in c r e a s in g  p u lse  number 
i f  th e  ad sorp tion  a lone  i s  co n sid ered . Secondly, however, 
th e  y i e l d  in c re a se s  w ith  in c r e a s in g  p u ls e  number and t h i s  may 
d e p r e ss  th e  in c r e a s in g  amount o f  propylene in  the e f f l u e n t .  
E v e n tu a l ly ,  the com bination o f  the a d so rp t io n  and r e a c t io n  
f a c t o r s  g iv e s  the c o n sta n t  amount o f  p ro p y len e .
(6 )  The y i e l d  in c r e a s e s  w ith p u ls e  number. This 
r e s u l t  may be used to  support the s u g g e s t io n  that th e  number 
o f  a c t i v e  s i t e s  in c r e a s e s  upon the r e d u c t io n  o f  the c a t a l y s t  
by o l e f i n s (6 ^ ,65) .
(7 )  Table 5 shows th a t  a f t e r  i n j e c t i o n  of th ree  p u l s e s  
th e  s u r fa c e  i s  l i k e l y  to be sa tu rated  because  the carbon l o s s  
becomes sm all and approaches a constan t v a lu e .








F ig .  13 C.lf95 g ; 0 .2  cm
A ct. @ 501°C ; 12 hr 
l lf . 8  m icro m o le /p u lse  


























4 . 3 3OE- 6
2 9 .2
1 .4 0 8
2 .5 9
2 7 .1
4 . 50OE- 6
3 0 . 4
1 .2 8 2
2 .6 2
3 1 .3
4 . 59OE- 6
3 1 .0
1 .0 0 4  
2 .6 6
2 9 . 4
4 . 869E- 6
3 2 .9
0 .9 9 5
2 .6 4
2 9 .4
E 2 .585 E -6 2 . 3 45 E- 6 2 . 603E- 6 2 . 170E- 6 2 .1 6 4 e - 6 I . 267E-8
C02 1 .1 2 9 E -6
p 1 .0 8 0 E -5 1 .0 4 7 E -5 I . 03OE- 5 1 .0 2 1 E -5 9 . 93IE- 6 7 .02 4E -8 3 . 02IE -7
l - B I .O 5IE-8 4 .7 4 0 E -8 8 .086 E -8 8 .7 8 0 E -8 I .O I 6E-7 4 .0 7 9 E -9 5 .7 92E -8
TB2 5 .111E -7 I . I 67E- 6 1 .4 0 1 E -6 I . 5 08E-6 I . 503E- 6 1 .1 2 7 E -7 5 . 33IE -7
CB2 I . 94IE- 7 4 . 509E- 7 5 . 35OE-7 5 .6 6 2 E -7 5 .7 02E -7 4 .464 E -8 2 .4 3 7 E -7
P+ 2 .83 9E -9 1 .127 E -8 1 .675 E -8 2 .267 E -8 2 .404E -8 5 . I 5IE- 9 8 .2 7 9 E -8
Carbon 4 .0 4 4 E -5 4 .2 8 2 E -5 4 .4 2 5 E -5 4 .3 7 3 E -5 4 .2 9 4 e - 5 9 .0 7 5 E -7 5 . 788E- 6
Carbon
Loss
3 .9 5 3 E -6 1 .5 8 2 E -6 1 .4 2 9 E -7 6 .6 8 5 E -7 1 .4 6 2 E -6
6 .6 95E -6
T o ta l  Loss= 7 . 8O8 E- 
TPD Carbon/Rhenium=
6
3 . 4 9 #
D e v ia t io n :: 1 6 .6 #
Table 6 0 .4 9 5  g ( 0 .2  cm) ; He: 34 ml/min
A ct. @ 5 0 1 °C . 12 hr ; Rxn @ 24°C 
R eactan t:  5P ; 1 4 .8  m icro g m o le /p u ls e  









F ig . l l f  0.1f9? g ; 0 .2  cm
A ct. @ $0 2 ° C ; 12 hr ; 
7 . 7 6  micro g m o le /p u lse  
He; 13 ml/min 











P u ise  Number
5^
LaLn











2 . 9 27 E- 6
3 7 .7
3 . 7 2
2 .6 8
2 9 .3





2 . 777E- 6
3 5 .8
2 . 2 9
2 .6 5
3 3 .7





E I . 697E-6 I . 4 7 9 E- 6 I . 636E-6 1 .3 9 3 E -6 1 .3 6 4 E -6
CO2 1 .1 1 3 E -6
P 4 .4 2 3 E -6 4 .8 3 3 E -6 4 . 606E- 6 4 .9 8 3 E -6 4 . 967E-6 2 .875 E -7 3 .8 2 3 E -7
1-B 7 .9 92E -9 2 . 1 76 E-8 3 .4 9 5 E -8 3 .8 4 2 E -8 4 . I 9OE-8 I . 066E-8 6 . 55OE-8
TB2 1 .8 7 3 E -7 5 . 627E-7 7 . 4 7 OE-7 8 .5 3 5 E -7 9 . 30OE-7 3 .2 8 0 E -7 6 .3 9 5 E -7
CB2 6 .987E -8 2 . 1 00E-7 2 . 83 0E-7 3 . 220E-7 4 . 39 0E-7 I . 3 25 E-7 2 . 8 6 0 E-7
P+ 4 .5 5 4 E -9 6 .3 3 2 E -9 8 . 7 03E-9 I . 13IE-8 1 .0 24E -8 8 .9 4 4 E -8
Oarbon 1 .7 7 3 E -5 2 . 0 66E- 5 2 . 1 38E-5 2 . 263E-5 2 . 296E- 5 2 .8 3 3 E -6 6 . 6 72E- 6
Carbon
Loss
5 . 550E- 6 2 . 62OE- 6 1 . 900E- 6 6 . 520E-7 3 . I 8OE-7
9 . 505E- 6
T o ta l  Loss= l . lO ^ E -5  D e v ia t io n =  1 3 .9 ^
TPD Carbon/Rhenluin= k.Ofo
Table 7 0 .^ 9 5  g (0 .2cm ) ; He ; 13 m l/min
A ct .  @ 302*0 ; 12 hr ; Rxn @ 24*0  
R eactan t:  5P ; 7 .7 6  m icro g m o le /p u ls e  
( a i l  v a lu e s  are  gmole u n l e s s  s p e c i f i e d )
th e  r e s u l t s  u s in g  d i f f e r e n t  p u ls e  s i z e s  and c a r r ie r  gas f lo w  
r a t e s  from Figure 12, Table 5 r e s p e c t i v e l y .  A comparison  
o f  F ig u re  13 w ith F igu re  12 shows a s im i la r  product d i s t r i ­
b u t io n  excep t fo r  th e  fo l lo w in g  item s: (1) Ethylene drops 
very  q u ic k ly  a f t e r  th e  th ir d  p u l s e .  This f a c t  might su g g e s t  
th a t  th e  e th y len e  r e a c t s  fu r th e r  and th a t  the ex ten t  o f  th e  
r e a c t i o n  i s  la r g e r  w ith  la r g e r  p u lse  s i z e ;  (2) The r a t i o  o f  
e/ b o f  th e  f i r s t  p u l s e  i s  s l i g h t l y  low er  than th a t  w ith  sm all  
p u ls e  s i z e .  This f a c t  can be a t t r ib u t e d  to  the double  pro­
m oting e f f e c t  caused by the in c r e a s in g  number of a c t i v e  s i t e s  
fo r  producing  B and th e  in c r e a s in g  amount o f  r e a c ta n t .
A g rea ter  d e v ia t io n  occurs between Figure 14 and 
F igu re  12: (1) As expected  th e  y i e l d  in c r e a se s  because o f  th e  
slow  f lo w  rate; (2) The propylene  i s  l e s s  in  the e f f l u e n t  
stream  a t  the sm a ller  f lo w  r a te  because o f  a higher y i e l d  and 
/ o r  more adsorption  due to  th e  s low er  f lo w  rate; (3) E thylene  
produced i s  about one and h a l f  t im es g r e a te r  than th a t  pro­
duced a t  the h igher f lo w  r a t e .  The in c r e a s in g  amount o f  pro­
duct because  of the s low er  f lo w  r a te  i s  an expected r e s u l t ,  
but c u r io u s ly  the amount o f  tr a n s -2 -b u te n e  does not in c r e a se  
p r o p o r t io n a l ly .  This f a c t  su g g e s ts  th a t  the prod u ction  o f  
e th y le n e  and tra n s-2 -b u te n e  can be through d i f f e r e n t  a c t i v e  
s i t e s  or d i f f e r e n t  r e a c t io n  r o u te s .  Therefore, th e  in s e n ­
s i t i v e  response  o f  th e  prod u ction  o f  TB2 to  the  f lo w  r a t e  
change r e s u l t s  in  th e  s low  d ecrease  o f  the  E/B curve; (4)
The TB2+S in  both f lo w  r a te s  o f  th e  f i r s t  p u lse  are about th e
56
same, which can su g g e s t  th a t  a c r i t i c a l  co n cen tra t io n  o f  the  
a c t iv e  s i t e s  e x i s t s  f o r  th e  p rod u ction  o f  TB2.
Figure 15 and Table 8 show th e  r e s u l t  o f  propylene  
m e ta th e s is  at 0®C. Some major o b se r v a t io n  are as fo l lo w s :
(1) The y i e l d  i s  s l i g h t l y  lower than th a t  shown in  F igu re  12 
because o f  the  lower r e a c t io n  tem perature; (2) More propylene  
i s  adsorbed a t  the  f i r s t  p u lse  so th e  propylene curve i s  not  
a s t r a i g h t  l i n e  as was found in  F igure  12; (3) The TB2/CB2
i s  s l i g h t l y  h igher than th a t  in  F igu re  12 . This r e s u l t  i s  
rea so n a b le  based on th e  thermodynamic equ ilibr iu m  conversion ;
(4) The e th y len e  p rod u ction  curve i s  d i f f e r e n t  from t h a t  in  
F igure 12 which can in d ic a t e  th a t  some kind o f  r e a c t io n  
occurs between the  propylene and th e  su r fa c e  and th a t  t h i s  
r e a c t io n  i s  tem perature dependent. The su rface  r ed u c t io n  
p r o c ess  can a lso  be a temperature dependent r e a c t io n ,  so  the  
f i n a l  p o r t io n  o f  e th y len e  curve i s  a l s o  d i f f e r e n t  from th a t  
in  F igure 12; (5) The TB2 i s  l e s s  than th a t  in  F igure 12,
which can be a t t r ib u te d  to  a la r g e  a d so rp tio n  amount a t  low  
tem perature and/or th e  s low  red u c tio n  o f  the  su rfa ce  a t  low  
temperature; (6)The E/B i s  much la r g e r  than th a t  in  F igure  
12 because  o f  a la r g e  adsorp tion  amount o f  B a t low tempera­
ture  and/or the f a c t  th a t  the  p rod u ction s  o f E and B f o l lo w  
d i f f e r e n t  paths which can be fu n c t io n s  o f  r e a c t io n  tempera­
tu r e .
Figure 16 and Table 9 show th e  same r e a c t io n  c a rr ie d  












F l g . l ?  O A95 g ; 0 .2  cm
A ct. @ ?0 2 °C ; 12 hr ;
Rxn §  0 °C
7 . 7 6  m icro gm ole /p u lse  
He: 3^ m l/m in  
7 . 6 % Re covered
  c a t a l y s t  tr e a te d  w ith
COg in  s t a t i c  fo r  1 0  hr
/  ^     TB2/CB2
0 .
:— è — — -Ê-------- ^
Y ield
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P u ls e  1 P u ls e  2 P u ls e  3 P u ls e  4 P u ls e  5 F lu sh TPD
-Ap




2 .7 7 3 E -6
3 5 .7
-2 0 .0 2
. 2 .7 6
1 2 .5
2 .7 14E -6
2 8 .0
4 .6 3 2
2 .7 1
1 8 .7
2 .1 3 7 E -6
2 7 .5 3
2 .3 8 8
2 .7 9
2 1 .3










E 9 .23 5E -7 1 .1 9 4 E -6 I . I 68E- 6 1 .1 0 4 E -6 I . I O 7E- 6 1 .3 34E -8 3 .6 6 5 E -8
CO2 9 . 26IE-7
P 4 .9 8 7 E -6 5 . 586E-6 5 . 623E-6 5 . 57OE-6 5 . 577E-6 I . 926E-7 1 .0 0 2 E -6
1-B I . 713E- 9 3 .4 0 5 E -9 7 .4 8 0 E -9 1 .4 8 0 E -8 1 .662 E -8 1 .3 7 4 E -9 9 .0 10E -8
TB2 3 . 260E-8 1 .8 5 8 E -7 3 . 545E-7 4 .9 3 7 E -7 5 . 83 OE-7 I . 378E-7 I . 396E-6
CB2 1.181 E -8 60856E-8 I . 27IE-7 I . 765E-7 2 .0 82E -7 5 .OOOE-8 5 .5 3 5 E -7
P+ 8 . 126E-IO I . 078E- 9 1 .8 7 4 E -9 1 .1 4 5 E -7
Carbon 1 .6 99E -5 2 .0 1 8 E -5 2 .1 1 6 E -5 2 .1 1 6 E -5 2 .218 E -5 I . 36IE- 6 1 .2 7 3 E -5
Carbon 6 . 29OE- 6 3 .IOOE- 6 2 .1 2 0 E -6 I . 62OE- 6 I . 09OE- 6
1 .4 0 9 E -5
Loss
T o ta l  Loss= 1 .4 2 2 E -5  D e v ia t lo n =  0 .9 ^
TPD Cart)on/Rheniuin= ? . 6%
Table  8 0 .^ 9 5  g ( 0 .2  cm) ; He; ml/min
A c t .  @ 502°C ; 12 hr ; Rxn @ 0^0 
R eactan t;  5P ; 7 .? 6  m icro g m o le /p u ls e  





F i g .16
7 , 7 6  m icro g m o le /p u lse  
He: 1 3  m l/min 
























P u is e  1 P u is e  2 P u is e  3 P u is e  4 P u is e  5 F lu sh  TPD
4 . 37OE- 6  3 .IOOE- 6  2 .8 1 0 E -6  2 . 653E- 6  2 .4 2 3 E -6
56.3  3 9 . 9  3 6 . 2  3 4 . 2  3 1 .2
2 8 .1  7 . 0 6  2 .9 7  2 . 2 7  1 .5 2
2 .8  2 .8 2  2 .7 7  2 .7 9  2 .7 7
1 7 . 5  2 7 . 0  2 6 . 5  3 0 . 7  3 0 . 7
I . 316E- 6  1 .8 3 7 E -6  1„538E-6 1 . 65^E- 6  1 .4 3 7 E -6  4 .0 3 5 E -8  4 . 927E-8
            I . 23IE- 6
3 . 390E- 6  4 . 66OE- 6  4 . 950E- 6  5 . 107E- 6  5 .3 3 7 E -7  5 -770E -7  1 .5 4 1 E -6
  2 .8 4 2 E -9  9 . 4 57 E- 9  I . 326E-8  2 . 220E-8  3 .2 2 7 E -9  1 .2 9 0 E -7
3 . 452E-8  I . 90IE- 7  3 .7 3 2 E -7  5 .2 6 2 E -7  6 .7 55E -7  3 .2 0 7 E -7  2 .1 8 1 E -6
I . 232E-8  6 . 740E-8  1 .3 4 6 E -7  I . 887E- 7  2 . 436E- 7  1 .1 4 8 E -7  8 . I 67E-8
 ------- ----------  ----------  ----------  1 .6 5 2 E -9  1 .5 5 5 E -9  1 .7 2 3 E -7
1 .3 8 9 E -5  I . 8 69E- 5  1 .9 9 9 E -5  2 .1 5 4 E -5  2 .2 6 6 E -5  3 .3 7 4 E -6  I . 638E-5
1 .9 9 5 E -5
I . 029E- 5  4 .5 8 3 E -6  3 .2 8 3 E -6  1 .7 3 8 E -6  6 .216E -7
T o ta l  Loss= 2 . 05IE- 5  D ev ia tio n =  2.8%
TPD Carbon/Rhenium= 9 . 8#
Table 9 0 .4 9 5  g ( 0 .2  cm) ; He; 13 m l/m in
A c t .  @ 501°C ; 12 hr ; Rxn @ 0°C 
R eactan t:  5P ; 7 .7 6  m icro g m o le /p u ls e  
( a i l  v a lu e s  are  gmole u n le s s  s p e c i f i e d )
i n t e r e s t i n g  p o in ts ;  (1) The tendency o f  th e  propylene curve  
i s  th e  same as th a t  in  F igure 15. The la r g e  ad so rp tio n  
amount a t  the b eg in n in g  r e s u l t s  in  th e  sm all amount o f  p ro ­
p y le n e  in  the e f f l u e n t  stream; (2) Because o f  th e  h igh er  
y i e l d ,  more TB2 i s  ob ta in ed  than was obta in ed  in  F igure 15;
(3) The TB2's o f  th e  f i r s t  and second p u ls e s  are not a f f e c t e d  
by th e  f lo w  r a te ,  as seen  by comparing them with F igure  15 .
This f a c t  can again  su g g es t  the e x i s t e n c e  o f  a c r i t i c a l  con­
c e n tr a t io n  of the su r fa c e  a c t iv e  s i t e s  f o r  the  p rod u ction  of  
TB2 or even other bu ten es; (4) The e th y le n e  d i s t r i b u t io n  
curve i s  q u ite  d i f f e r e n t  from th a t  in  F igure 15. The drop 
a t  th e  th ir d  p u lse  can su ggest  a r e a c t io n  between th e  su r fa c e  
and th e  propylene and th e  o r ig in a l  a c t i v e  s i t e s  are used up 
by th e  f i r s t  and second p u lse s ;  and th e  slow  red u ctio n  o f  th e  
c a t a l y s t  because o f  low  r e a c t io n  tem perature so new s i t e s  can 
not be produced in  tim e; (5) The h igh  v a lu e  o f  E/B o f  th e  
f i r s t  p u ls e  i s  th e  r e s u l t  o f  the la r g e  adsorp tion  amount o f  
B and/or the  e x i s t e n c e  o f  a c r i t i c a l  v a lu e  o f  a c t iv e  s i t e s  
co n c en tr a t io n  fo r  producing B.
Figure 17, 18 and Tables 10, 11 demonstrate th e  r e s u l t s  
o f  th e  same r e a c t io n  u s in g  a th ick er  bed r e a c to r .  A com­
p a r iso n  o f  Figure 1? and 18 w ith F igu res  12 and 13 r e s p e c ­
t i v e l y  in d ic a te s  t h a t  th e  y i e l d  and th e  amount o f  E and TB2 
are h ig h er  when th e  th ic k e r  bed r e a c to r  i s  used. S in ce  th e  
th ic k e r  bed has more c a t a l y s t ( 3  % m ore), th e  lon ger  c o n ta c t  






2 .- ' 2 .  üE/B
E
F i g . i 7  0 ,51^3 g ; 0 .5 5  cm
A ct. @ 501°G ; 12 hr ; 
7 . 7 6  m icro g m o le /p u lse  
He: 3^ m l/m in




Y ie ld HO
P u ise  Number
63
OS











2 . 4 9 OE- 6
3 2 . 1
1 .4 6
2 . 5 6
2 6 . 3
2 . 59OE- 6
3 3 . 3
1 . 3  
2 .6 1  
3 3 .2
2 . 4 7 OE- 6
3 1 . 8
1 .1
2 . 5 4
3 4 . 5
2 . 63OE-6
3 3 .8
0 . 8 5
2 .5 8
3 2 .3
E 1 . 388E-6 1 .2 1 0 E -6 I . 45 IE- 6 1 .4 0 1 E -6 1 .1 4 4 E -6 I . I 5IE-8 1 .5 9 4 E -8
CO2
P
1 .0 1 3 E -6
2 .8 7 8 E -75 . 220E- 6 5 . 270E- 6 5 . 170E- 6 5 . 290E-6 5 . 13OE- 6 6 . 83 OE-8
1-B 4 .3 4 0 E -9 2 . 23IE-8 4 .0 80E -8 4 .2 9 5 E -8 4 . 73OE-8 3 .8 1 0 E -9 5 . I 6OE-8
TB2 2 . 09IE-7 5 . 79OE-7 7 . 805E-7 8 . 79OE-7 9 .3 75E -7 1 .0 7 7 E -7 4 .7 4 0 E -7
GB2 8 . 278E-8 2 . 259E-7 2 .982 E -7 3 .4 6 7 E -7 3 . 632E-7 4 .1 5 5 E -8 2 . 09OE-7
P+ 1 .5 5 5 E -9 5 .9 7 2 E -9 9 .7 7 8 E -9 I . 389E-8 I . 57OE-8 5 .6 6 4 E -9 7 .2 8 2 E -8
Carbon I . 962E- 5 2 . I 58E- 5 2 .2 9 3 E -5 2 . 256E- 5 2 . 313E- 5 8 .6 8 7 E -7 5 .2 1 1 E -6
Carbon
Loss
3 .6 5 4 E -6 1 .7 0 2 E -6 4 . 3 7 OE-7 7 . I 6OE-7 1 .4 2 0 E -7
6 .0 7 9 E -6
T o ta l  Carbon Loss= 6 . 56OE-6  
TPD Carbon/Rhenlum= 3.14%
D e v ia t io n s  7.34%
Table 10 0 .5 1 4 3  g ( 0 .5 5  cm) ; He; 34 m l/m in
A c t .  @ 501“C ! 12 hr ; Rxn @ 2 4 °C 
R eactan t:  5P ; 7 .7 6  m icro g m o le /p u ls e  







P i g . l 8  ü . 5 1 W3  g ; 0 ,5 5  cm
A ct. #  502°C ; 12 hr ; 
lM-,8 micro g m o le /p u lse  
He: ml/min




ï i e l d
22 .-















4 .8 1 0 E -6
3 2 .5  




3 3 . 1
1 .2 8
2 . 5
3 4 . 7
5 .0 3 3 E -6
3 4 . 0
1 . 1 6
2 . 6 2






E 2 .9 29E -6 2 .5 1 0 E -6 2 .8 7 3 E -6 2 . 727E- 6 2 .6 4 4 E -6 5 .2 3 3 E -9 1 .9 1 2 E -8
GOg I . 277E- 6
P 1 .0 0 6 E -5 9 .9 9 0 E -6 9 . 89 IE- 6 9 . 767E- 6 9 . 69IE- 6 7 . 969E-8 3 .1 8 3 E -7
1-B 7 .9 82E -9 5 .81 4E -8 9 . 3 5 OE-8 8 .9 5 2 E -8 I . 029E-7 4 . 925E- 9 6 .42 5E -8
TB2 5 .553 E -7 1 .2 8 7 E -6 1 .5 3 4 E -6 I . 63IE- 6 1 .6 8 6 E -6 I . 477E- 7 5 . 766E-7
GB2 2 .1 37E -7 4 .9 2 5 E -7 6 . 139E-7 6 .2 0 8 E -7 6 . I 8 OE-7 5 . 725E-8 2 .5 6 2 E -7
P+ 4 .3 5 6 E -9 1 .54 8E -8 2 .4 48E -8 2 . 99IE-8 3 .2 68E -8 7 .8 4 8 E -9 4 .3 3 5 E -9
Carbon 3 .9 1 6 E -5 4 .2 1 4 E -5 4 . 450E-5 4 .4 2 7 E -5 4 .4 1 5 E -5 1 .1 2 8 E -6 5 . 8 8 OE-6
Carbon
Loss
5 .2 4 0 E -6 2 .2 6 0 E -6 -l.O O E-7 I . 30OE-7 2 . 50OE-7
7 .OO8 E-6
T o ta l  Carbon Loss= 7 .7 8 0 E -6  
TPD Carbon/Rhenluin= 3 .4 ^
D e v ia t io n =  9 .9 #
Table  11 0 .5 1 4 3  g ( 0 .5 5  cm) ; He; 34 m l/m in
A ct . @ 5 0 2 °C ; 12 hr ; Rxn @ 24°G 
R eactan t: 5P i 1 4 .8  m icro g m o le /p u ls e  
( a l l  v a lu e s  are  gmole u n l e s s  s p e c i f i e d )
o f  th e  y i e l d .
The above s t u d i e s  in d ic a te  th a t  e/B  i s  always h igh er  
than u n i ty  i n i t i a l l y .  Therefore, th e  R ideal and Langmuir- 
Hinshelwood models do not seem s u i t a b le  fo r  the  i n i t i a l  r e a c ­
t io n ,  a lthough what i s  a c t u a l ly  o c cu rr in g  i s  unknown. In 
order to  check whether t h i s  o b ser v a t io n  could be a p p lie d  to  
oth er  r e a c ta n ts ,  TB2 was used as r e a c ta n t .  The r e s u l t s  are  
shown in  F igures 19, 20 and Tables 12, 13 . These r e s u l t s  
show th a t  the major product i s  p rop y len e . Some iso m e r iz a ­
t i o n  products are a l s o  observed , i . e . ,  CB2 and 1-B . T herefore, 
i so m e r iz a t io n  may be the  primary r e a c t io n ,  and fo l lo w e d  by 
m e ta th e s is .  I f  m e ta th e s is  i s  c a r r ie d  out with 1-B  and TB2 
or CB2 and i f  i t  obeys th e  R ideal or Langmuir-Hinshelwood 
model, th e  i n i t i a l  p ro d u ctio n  o f  propylene  and pentene  should  
have been equal. The t a b le s  do not support t h i s  p r e d ic t io n .
I t  i s  more l i k e l y  th a t  the i n i t i a l  r e a c t io n  f o l lo w s  
another sequence o f  s t e p s  in s te a d  o f  R ideal and Langmuir- 
Hinshelwood m odels, but the  R ideal and Langmuir-Hinshelwood 
models can not be excluded  beyond th e  i n i t i a t i o n  s tep  because  
e/ b approaches u n i t y  a f t e r  a long  r e a c t io n  time in  the  f lo w  
system  study.
In order to  determ ine i f  the  h igh  E/B v a lu e  a t  th e  
beg in n in g  was due to  the  ad sorp tion  o f  B or i f  more E was pro­
duced, a on e -p u lse  s tu d y  was performed. I t  i s  d is c u sse d  in  







F i g .19 0 .if9 ?  g ; 0 .2  cm
A ct. 0  502°C ; 12 hr ; Rxn @ 24°C
7 . 7 6  m icro gm ol= /p u lse
He: 3^ ml/min
















P u ls e  1 P u ls e  2 P u ls e  3 P u ls e  4 P u ls e  5 F lu sh TPD
-ATB2




4 . 707E- 6
6 0 .0
3 .3 3 5 E -6
4 2 . 9
3 .2 1 7 E -6
4 1 .4
3 .2 4 1 E -6
4 1 .7









3 9 . 1
3 . 5 4
3 9 .7
E 2 . 17IE-8 1 .6 88E -8 1 .8 43E -8 1 .1 6 2 E -8 I . 45IE-8 I . 50IE-8
C02 3 .7 3 9 E - 6
p 1 .4 8 1 E -6 I . 62IE-6 1 .5 3 7 E -6 1 .4 3 9 E -6 1 .3 8 4 E -6 8 .5 8 0 E -8 3 .4 2 8 E -7
1-B 3 .688E -8 6 .795 E -8 8 .1 5 4 E -8 8 .3 4 8 E -8 8 . 736E-8 1 . 244E-8 I . I 9OE-7
TB2 3 .0 5 3 E -6 4 .4 2 5 E -6 4 .5 4 4 e- 6 4 . 520E- 6 4 . 720E- 6 2 . 608E-7 8 .9 8 4 E -7
CB2 8 . 909E-7 1 .1 7 7 E -6 I . 263E- 6 I . 263E- 6 1 .3 3 3 E -6 9 . 3 2OE-8 3 .6 9 5 E -7
P+ 6 .493E -8 I . 556E-7 2 .1 3 7 E -7 2 .3 7 7 E -7 2 . 609E- 7 3 .7 9 2 E -8 I . 540E-7
Carbon 2 .0 4 1 E -5 2 .8 3 5 E -5 2 . 926E- 5 2 .8 9 9 E -5 3 .0 0 5 E -5 2 .4 2 9 E -6 I . 3 0 IE-5
Carbon
Loss
I . 063E- 5 2 . 690E-6 I . 78OE- 6 2 . 05OE- 6 9 . 90OE- 7
1 .5 4 4 E -5
T o ta l Carbon Loss= 1 .8 1 4 E -5  
TPD Carbon/Rhenium= ? , 8 ^
D e v ia t lo n =  1 4 .9 #
Table  12 0 .4 9 5  g ( 0 .2  cm) ; He: 34 m l/m in
A c t .  @ 501“ C ; 12 hr ; Rxn @ 24*0  
R eactant: TB2 • 7 . 7 6  m icro g m o le /p u ls e  











A ct. @ Î0 2 'C ; 12 hr ; Rxn @ 0 “C
7 , 7 6  micro gm o le /p u lse
He: 3^ ml/min
R eactan t : TB2

























6 . 545E- 6
8 4 .3
4 . 473E- 6
5 7 . 6
3 .3 3 9 E -6
4 3 . 0
2 . 739E- 6
3 3 . 3
2 .6 4 5 E -6
3 4 . 1
3 .3 5
1 0 .7
3 . 4 3
2 6 .0
3 .5 1
3 0 . 5
3 .5 5
3 2 . 7
3 . 4 5
3 3 .4
3 .2 1 8 E -6
1 .2 2 8 E -64 . I 6IE-7 9 . 765E-7 1 .0 3 3 E -6 1 .0 1 4 E -6 9 . 74IE-7 I . 376E-7
1-B 2 . 624e- 9 9 . 77IE-9 I . 57IE-8 2 . 065E-8 2 . 608E-8 5 .8 9 8 E -9 2 . 944e- 7
TB2 1 .2 4 9 E -6 3 . 325E- 6 4 .4 2 1 E -6 5 . 02IE- 6 5 . I I 5E- 6 5 .875 E -7 3 . 908E- 6
CB2 3 . 728E-7 9 . 693E-7 I . 259E-6 1 .4 1 4 E -6 1 .4 8 0 E -6 2 . 098E-7 1 .4 8 7 E -6
P+ 4 . 675E- 9 2 .811E -8 6 .12 2E -8 9 . 286E-8 1 .1 4 5 E -7 2 .0 74E -8 6 .793 E -7
Carbon 7 . 768E- 6 2 . 027E- 5 2 .6 1 8 E -5 2 .9 3 2 E -5 2 . 998E- 5 3 .7 2 9 E -6 3 .3 0 5 E -5
Carbon
Loss
2 .327 E -5 1 .0 7 7 E -5 4 . 860E- 6 I . 72OE- 6 I . 060E-6
3 .6 7 8 E -5
T o ta l Carbon Loss=  
TPD Carbon/Rhenium=
4 .1 6 8 E -5  
: 1 8 .9 #
D e v ia t io n s  1 1 .7 #
Table 13 0 .4 9 5 6  g ( 0 .2  cm) ; He; 34 ml/m in
A ct .  @ 503*0 ; 12 hr ; Rxn @ 0*0  
R eactant: 5TB2 ; 7 .? 6  m icro b m o le /p u lse  
( a i l  v a lu e s  are  gmole u n le s s  s p e c i f i e d )
III -B  Study Concerning th e  E/B Ratio
S in ce  a la r g e  a d so rp t io n  o f  B may have caused the  
high v a lu e  o f  E/B when p ro p y len e  was used i n  th e  f i r s t  p u l s e ,  
a s in g le  p u ls e  study fo l lo w e d  by TPD may h e lp  determine what 
i s  r e a l l y  adsorbed on th e  c a t a l y s t  and c l a r i f y  th e  reason  
fo r  th e  h igh  E/B r a t i o .  The procedures were as f o l l o w s : (1 )
The c a t a l y s t  was a c t iv a t e d  by dry oxygen a t  500°C fo r  about
12 h r s .  (2) The c a t a l y s t  was cooled  to  th e  r e a c t io n  tempera­
tu re  in  s t a t i c  oxygen. The c a ta ly s t  was evacuated at r e a c ­
t io n  tem perature fo r  5 m in u tes . (3) The c a r r ie r  gas, oxygen  
f r e e  helium , was in trod u ced  to  the r e a c to r  and th e  system  
was purged fo r  h a lf  hour. (4 )  One p u lse  r e a c ta n t  was i n j e c t e d  
and the  l iq u i d  n itr o g en  trapped product was analyzed . (5)
The p h y s i c a l l y  adsorbed hydrocarbons were f lu sh e d  and fo l lo w e d  
by TPD a t  th e  ra te  o f  11 .68°C /m in . (6) The l iq u id  n itr o g e n
trapped hydrocarbons ob ta in ed  from f lu s h  and TPD were an a lyzed .
(7) Oxygen was in je c te d  p u l s e  by p u lse  to  burn th e  coke away 
and the  CO^  was trapped by l iq u id  n i tr o g e n .  (8) The m a te r ia l  
balance f o r  carbon and th e  r a t i o  o f  E/B were c a lc u la te d .
T ables 14, 15, and 16 show in  d e t a i l  th e  r e s u l t s  o f  
t h i s  stu d y  at d i f f e r e n t  r e a c t io n  tem peratures and bed t h i c k ­
n e s s e s .  Independent o f  th e  c o n d it io n s ,  th e  r a t io  o f  E/B i s  
always g r e a te r  than u n i ty .  The e th y len e  and butene mentioned  
here in c lu d e  those  obta in ed  from the gas phase product, th e  
amount ob ta in ed  from f lu s h  and the TPD e f f l u e n t .  According­















E 1 .2 2 9 E -6
GOg 3 .5 3 5 E -7
P 5 .4 1 3 E -6 6 .7 83E -8 3 . 278E-7
1-B 3 .2 9 3 E -9 1 . 901E-8
TB2 1 .8 9 5 E -7 2 . 4 5 8 E-8 I . 976E- 7
GB2 7 . I I 9E-8 9 . 758E-9 9 . 127E-8





3 . 52OE- 6
3 .6 1 3 E -7  2 .6 5 9 E -6  
3 .0 2 0 E -6
T o ta l Carbon Loss= 3 .5 2 0 E -6  
D ev ia tio n =
TPD Garbon/Rhenium= 1 .8 #
T o ta l  E=1.239E-6  
T o ta l  B=6.062E-7  
T o ta l  E/B= 2 .0 4
T able  l 4  0 .4 9 5  g ( 0 .2  cm) ; He; 34 ml/min
A c t .  @ 502"C ; 12 hr ; Rxn @ 24*0 
R eactant: IP ; 7 . 7 6  m icro g m o le /p u ls e  













P u ls e  1 F lu sh  
2 .8 4 7 E -6
3 6 . 7
1 8 .6 7
2 .8 2
1 2 .4
9 .1 4 0 E -7  4 . 3 9 6 E-8
TPD
4.913E-6 I.600E-7
3 .6 15E -8
1 .281 E -8
1 .4 9 9 E -8
5 .1 9 5 E -9




3 .9 0 5 E -7
1 .8 3 6 E -7
2.907E-8
Carbon 1 .67  6E-5
Carbon
Loss
6 . 5 2 OE-6
6 .4 8 9 E -7  4 .3 4 2 E -6
5 .4 5 1 E -6
T oeal Carbon Loss= 6 .5 2 0 E -6  
D ev ia tio n ^  1 6 .3 ^
TPD Carbon/Rhenium= 2 .6 1 ^
T o ta l E= l.O O lE -6  
T o ta l  B= 6 .7 42E -7  
T o ta l  E/B= 1 .4 8
T able  15 0 .4 9 5  g ( 0 .2  cm) ; He: 34 ml/min
A ct. @ 502"C ; 12 hr ; Rxn @ 0"C 
R eactant: IP ; 7 . 7 6  m icro g m o le /p u ls e  
( a i l  v a lu e s  a re  gmole u n le s s  s p e c i f i e d )
-SJ
P u ls e  1 P lu sh TPD
-AP




2 .5 2 4 E -6




E 1 .3 5 7 E -6 7 . 3 6 5 E- 9 2 .11 1E -8
CO2 6 . 306E-7
P 5 . 236E-6 4 .2 2 4 E -8 2 . I 98E-7
1-B 4 . 93OE-9 6 .7 4 2 E -1 0 2 .42 4E -8
TB2 2 .2 8 8 E -7 3 . 4 0 6 E-8 2 .4 2 5 E -7
CB2 8 . 60OE-8 I . 2 5 OE-8 I .O 76 E-7
P+ I . 299E- 9 1 .0 4 2 E -9 2 .504E -8
Carbon I . 97OE- 5 3 .3 5 5 E -7 2 .9 5 5 E -6
Carbon
L oss
3 . 570E- 6
3 . 290E- 6
T o ta l  Carbon Loss= 3 .5 7 0 E -6  
D e v ia tio n =  Q%
TPD Carbon/Rhenium= 1 .7 3 ^
T o ta l  E= 1 .3 8 5 E -6  
T o ta l  B= 7 .4 1 3 E -7  
T o ta l  E /b= 1 .8 7
Table 16 0 .3 1 4 3  g ( 0 .5 5  cm) ; He: 34 m l/m in
A ct .  @ 503°C ; 12 hr ; Rxn @ 24°C 
R eactant: IP ; 7.7& m icro g m o le /p u ls e  
( a l l  v a lu e s  are  gmole u n le s s  s p e c i f i e d )
produced in  equal amounts. The R ideal and Langmuir-Hinshel­
wood models may not a d e q u a te ly  d e sc r ib e  th e  i n i t i a l  r e a c t io n .
Table 17 shows th e  r e s u l t  when TB2 was used as a r e a c ­
t a n t .  This ta b le  in d ic a t e s  th a t  propylene is-  the  major pro­
duct and th a t  the r a t io  o f  propylene to  p en ten e  i s  g r e a te r  
than u n i t y ,  which again  i l l u s t r a t e s  th a t  th e  m eta th es is  pro­
du cts  a r e  not produced i n  equal amount i n i t i a l l y .
Rooney et a l .  (57) proposed th a t  th r e e  moles e th y le n e  
produced two moles p rop y len e  when e th y len e  was added to  the  
r e a c to r  where propylene had been r e a c te d ,  and e th y len e  and 
butene were observed p r io r  to  the  i n j e c t i o n  o f  e th y len e .
I f  t h i s  r e a c t io n  i s  r e v e r s i b l e ,  i t  may cause th e  high E/B 
v a lu e  m entioned above, i . e . ,  two moles propylene  produce th r ee  
moles e th y le n e .  In order to  t e s t  t h i s  p o s s i b i l i t y ,  th e  ex­
p er im en ta l  work d escr ib ed  in  S e c t io n  III-C  was ca rr ied  ou t .
III-C  Surface  T i tr a t io n  Study o f  Used C a ta ly s t  by Ethylene
I f  th e  rev e rse  o f  th e  r e a c t io n  proposed by Rooney e t  
a l .  (57) may be used to  e x p la in  the h igh  v a lu e  o f  E/B, th e  
c a t a l y s t  can provide a c t i v e  c en te rs  f o r  r e a c t io n  without the  
involvem ent o f  hydrocarbons a lready  adsorbed on the c a t a l y s t .
In  t h i s  s e c t io n  r e s u l t s  w i l l  be d is c u s s e d  to se e  i f
th e  assum ption "no su r fa c e  hydrocarbons are  invo lved  in  the
p r o d u ct io n  o f  propylene from ethylene" i s  t r u e .  I f  the
assum ption i s  not tru e , th e  r ev e rse  r e a c t io n  w i l l  in  a l l  l i k e ­
l ih o o d  n o t  be tru e , nor w i l l  th e  high v a lu e  o f  E/B be due to
76
-o-o
P u is e  1 F lu sh TPD
-ATB2








E 2 . I 68E-8
CO2 I . 736E-6
P 1 .4 6 6 E -6 l.OOOE-7 3 . 55OE-7
1-B 3 . 750E-8 8 .0 3 7 E -9 7 . 527E-8
TB2 3 .1 1 7 E -6 2 .0 3 5 E -7 6 .84 2E -7
CB2 9 . 097E-7 8 .3 5 7 2 -8 3 .IOOE-7
P+ 6 . 550E-8 I . 3 9 OE-8 I . 239E-7
Carbon 2 .1 0 2 E -5 I . 5 49 E- 6 7 . 696E-6
Carbon 1 .0 0 2 E -5
9 .2 4 5 E -6
L oss
T o ta l  Carbon L o s s = l . 002E-5  
D e v ia t io n s  8 .4 ^
TPD Carbon/Rheniums 4 .6 3 ^
T o ta l  E=2.186E-8  
T o ta l  P = 1 .921E -6  
T o ta l  B =5.428E-6  
T o ta l  P = 2 .033 E -7
T able  1? 0 .4 9 3 6  g ( 0 .2  cm) ; He; 34 m l/m in
A ct . @ 501“ C ; 12 hr ; Rxn @ 24*0  
R eactan t:  1TB2 ; 7 .? 6  m icro g m o le /p u ls e  
( a i l  v a lu e s  are  gmole u n l e s s  s p e c i f i e d )
the p ro d u ction  of th r ee  m oles e th y len e  from two moles propy­
le n e .
The e th y len e  r e a c t io n  on the a c t iv a te d  c a ta ly s t  was 
t e s t e d  and the  r e s u l t  shows th a t  there  i s  no r e a c t io n  a t  a l l  
and th a t  th e  adsorption  amount i s  n e g l i g i b l e .  Therefore,  
e th y len e  may be used as th e  su rface  t i t r a t i o n  agent. The 
procedures were the same as th ose  mentioned in  l a s t  s e c t io n  
except t h a t  e th y len e  p u ls e s  were in je c te d  a f t e r  the i n j e c t i o n  
of  p rop y len e  p u l s e ( s ) .  F in a l ly ,  the TPD and oxygen p u lse s  
were c a r r ie d  out so th a t  th e  m ater ia l ba lance  could be made.
Table 18 shows th e  r e s u l t  of th e  i n j e c t i o n  o f  one 
p u lse  p ropylene  and f i v e  p u ls e s  e th y len e . Note that the  c a r ­
bon l o s s  i s  n eg a t iv e  when e th y len e  i s  in j e c t e d .  Such nega­
t iv e  l o s s  means th a t  the  output i s  g r e a te r  than the input, so
th a t  some carbon must have been removed from th e  su rface  and 
thus th e  r e a c t io n  occurs between eth y len e  and adsorbed hydro­
carbons. Some other r e la t io n s h ip s  drawn from the  m ater ia l  
balance are a lso  shown; (1) The summation o f  numbers o f  moles 
of P and B i s  c lo s e  to  th e  l o s s  o f E (compare P+B and -AR) 
when E i s  used; (2) The summation o f  one t im es the number o f
moles o f  P and two tim es the  number o f  moles o f  B i s  c lo s e  t o
the carbon l o s s  (compare lxP+2xB with carbon l o s s )  when E i s  
used . These ob servation s su ggest th a t  the  carbene mechanism 
i s  r e s p o n s ib le  fo r  th e  r e a c t io n ,  but o ther  p o s s i b i l i t i e s  can 
not be excluded without fu r th e r  d ir e c t  ev id en ce . Another 
i n t e r e s t i n g  p o in t  i s  th a t  th e  summation o f  n e g a t iv e  carbon
78
-oVO
P u l s e  1 P u l s e  2
-AR 2 .2 1 4 E -6  5 . 4 5OE-7
C(#) 2 8 .5  7 . 0
E/B 3 • ^8 ----------
TB2/CB2 2 . 62 2 .65
P+B   5 . 54IE-7
lxP+2xB ----------  7 . I 77E-7
E 1 .2 1 9 E -6  7 . 2I 5E- 6
2 . 4 3 8 E- 6  1 .4 4 3 E -5
CO2 ----------  ----------
p 5 .5 4 6 E -6  4 . 906E-7
1 .6 6 4 E -5  1 . 472E-6
1-B 5 .5 8 5 E -9  3 . 327E- 9
2 .2 3 4 E -8  I . 33IE-8
TB2 2 . 336E-7  4 .3 7 2 E -8
9 .4 2 5 E -7  I . 749E-7
CB2 8 . 972E-8 I . 65IE-8
3 .5 8 9 E -7  6 . 607E-8
P'*' 7 . 8 0 4 E - 1 0 -----------
3 .9 0 2 E -9  ----------
Carbon 2 .0 4 0 E -5  1 .6 1 5 E -5
Carbon 2 .8 8 0 E -6  -6 .3 0 E -7
Loss
Pulse 3 Pulse 4 Pulse 5
2 .9 5 O E - 7
3 .8
2 . 5 4
2 .6 1 1 E -7
2 . 8 16E-7
7 .4 6 5 E -6
1 .4 9 3 E -5
2 . 505E-7
7 . 517E- 7
I . I I 7E-8
4 .4 6 8 E -8
4 . 4 o6E-9




1 .3 7 3 E -7
1 .4 2 5 E -7
7 . 635E-6




1 .532 E -8
1 .4 5 3 E -9





7 . 695E- 6
1 .5 3 9 E -5
7 . 667E-8
2 . 300E- 7
1 .5 7 4 E -5  I . 568E- 5  1 . 562E- 5  
- 2 .2 0 E - 7  - I . 6OE-7  -l.O O E-8
Table 18 0 .4 9 5  g ( 0 .2  cm) ; He; 34 m l/m in
A c t .  @ 504^0 ; 12 hr ; Rxn @ 24°C 
R eactan t:  1P-5E ; 7 . 7 6  m icro g m o le /p u ls e
(c o n t in u e d  on n e x t  page)
( a l l  v a l u e s  a re  gmole u n l e s s  s p e c i f i e d )
Table 1 8 (c o n t in u e d ) P u l s e  6 Flush TPD
ooo
-AR






0 . 4 9
5 .15 3E -8
5 .1 5 3 E -8
E
CO2




5 .1 5 3 E-8 




Carbon I . 56OE- 5
Carbon
Loss
- 8 . 00E-8
1.5B 4E -8 1 .89 4E -8
3 .1 68E -8  3 .78 8E -8
  2 .3 5 5 E -7
  2 .355 E -7
8 . 670E- 9  1 .7 6 2 E -7  
2 . 60IE-8  5 .2 86E -7
----------  1 .0 35E -8
----------  4 .141 E -8
----------  8 .08 6E -8
----------  3 .2 3 4 E -7
----------  3 .9 3 3 E -8
  1 .5 7 3 E -7
  3 . 92IE- 9
----------  I . 96QE-8
5 . 769E-8  I . 343E-6
1 .4 0 1 E -6
T o ta l  Carbon Loss= I . 69OE- 6  
D e v ia t i  on= 1 3 .1 ^
TPD Carbon/Rhenium= 0 .8 1 ^
l o s s  and carbon ob ta in ed  from TPD i s  c lo s e  to  th e  carbon number 
o b ta in ed  from TPD i n  Table 14, which aga in  in d ic a te s  carbon  
removal from th e  su r fa c e  and th e  t i g h t  m a ter ia l  b a la n ce .
Table 19 shows the r e s u l t  o f  th e  in j e c t io n  o f  one 
p u l s e  P, f i v e  p u l s e s  E, and one p u l s e  P a t  2^°C. The i n t e r ­
e s t i n g  p o in ts  in  Table 18 are a ls o  observed in  t h i s  t a b l e .
The f i n a l  p u lse  o f  propylene produce s im i la r  amount o f  e th y l ­
ene t o  th e  f i r s t  p u l s e  and more e th y le n e  than th e  second  
p u ls e  o f  Table 5,  which su ggest  th a t  some kind o f  su r fa c e  
in te rm e d ia te ,  p rob ab ly  a carbene, has th e  same e f f e c t  in  pro­
ducing  e th y len e  as th e  oxygen a c t iv a t e d  c a t a l y s t .  The B 
produced from th e  f i n a l  propylene p u ls e  i s  s l i g h t l y  h igh er  
than  th a t  o f  the  f i r s t  p u lse  and l e s s  than th a t  o f  th e  second 
p u ls e  in  Table 5- This f a c t  may in d ic a t e  th a t  some kind of 
su r fa c e  sp e c ie s  has th e  e f f e c t  in  producing b u ten es , and such 
su r fa c e  s p e c ie s  were p a r t i a l l y  d estro y ed  by the r e a c t io n  with  
e t h y l e n e .
Table 20 shows the r e s u l t  o f  the  in j e c t io n  o f  two 
p u l s e s  P , seven  p u l s e s  E, and two p u ls e s  P at 0°C. Again, 
th e  p o in t s  shown in  Table 18 are observed in  t h i s  t a b l e .  
Furthermore, th e  most in t e r e s t in g  r e s u l t  i s  the e th y le n e  pro­
d u c t io n  o f  th e  te n th  p u ls e .  A comparison with Table 8 in d i ­
c a t e s  th a t  th e  e th y le n e  produ ction  o f  th e  th ir d  p u l s e  in  Table 
8 d e c re a ses  in s te a d  o f  in c r e a s in g  as shown in  th e  te n th  p u lse  
o f  th e  Table 20. In a d d it io n ,  the  e th y len e  produced




P u l s e  1 P u l s e  2
-^R 2 .1 7 7 E -6  5 . 650E-7
Gifo) 2 8 .1  7 .3
E/B 3 .69  ----------
TB2/CB2 2 .65  2 .69
P+B   3 .9 48E -7
lxP+2xB ----------  6 . 607E-7
E 1 .2 0 8 E -6  7 . I 95E- 6
2 .4 1 7 E -6  1 .439 E -5
CO2 ----------  ----------
P 5 .5 8 3 E -6  5 . 290E-7
1 .6 7 5 E -5  1 .5 8 7 E -6
1-B 6 . 067E- 9  3 .8 8 2 E -9
2 .4 27E -8  1 .5 53E -8
TB2 2 . 33IE- 7  4 . 520E-8
9 .3 2 4 E -7  I 08O8 E-7
CB2 8 .7 8 5 E -8  I . 676E-8
3 .3 1 4 E -7  6 . 707E-8
P I . 60OE-II ----------
8 .0 0 0 E -1 1 ----------
Carbon 2 .0 4 7 E -3  1 .6 2 4 E -3
Carbon 2 .8 1 0 E -6  -7 .2 0 E -7
Loss
P u ls e  3 P u ls e  4 P u ls e  5
2 . 25OE- 7  I . 50OE- 7  7 .OOOE-8  
2 .8 9  1 .9 3  0 .9
2 .4 8  2 . 3 2  ----------
2 . 49 IE- 7  I . 316E- 7  8 .3 4 6 E -8  
2 .6 4 8 E -7  I . 365E-7  8 .3 4 6 E -8
7 .5 3 5 E -6  7 . 6IOE- 6  7 . 69OE- 6
I . 507E- 5  1 .5 2 2 E -5  I . 538E- 5
2 .3 3 4 E -7  I . 267E- 7  8 .3 4 6 E -8  
7 .0 0 2 E -7  3 . 8 OIE- 7  2 .5 0 4 E -7
8 . 050E-IO 1 .9 3 7 E -1 1  ----------
3 . 220E- 9  7 . 750E -I I  ----------
I . 062E-8  3 .4 2 5 E -9  ----------
4 . 25IE-8  I . 3 7 OE-8  ----------
4 .2 7 4 E -9  I . 4 77 E- 9  ----------
I . 710E-8  5 . 910E- 9  ----------
1 .5B 3E -5 I . 562E- 5  I . 563E- 5  




4 . 8 7 OE-8
4 . 87 OE-8
7 . 70OE- 6
I . 5 4 I E - 5
4 . 87 OE-8
1 .4 6 1 E -7
1 .5 5 5 E -5
-3 .0 0 E -8
Table I 9 0 .4 9 5  g ( 0 .2  cm) ; He; 34 m l/m in  
A ct. @ 500° C ; 12 hr ; Rxn @ 24"C 
R eactant: 1P-5E-1P ; 7 . 7 6  m icro g m o le /p u ls e
(c o n t in u e d  on n e x t  page)
( a l l  v a l u e s  are  gmole u n l e s s  s p e c i f i e d )
Table 1 9 ( c o n tin u ed )
00











E 1 .2 6 6 E -6 8 . 36OE- 9 I . 75OE-8
2 .5 3 2 E -6 1 . 672E-8 3 . 5 OOE-8
COg 7 . I 67E-72 — — — — — — —————— 7 . I 67E-7
P 5 .3 5 3 E -6 4 . 656E-8 2 . I 26E-7
1 . 606E- 5 1 .3 9 7 E -7 6 . 378E-7
1-B 8 .6 6 2 E -9 2 .752 E -8
3 .4 6 5 E -8 — — l . l O l E - 7
TB2 3 .4 0 7 E -7 4 . 245E-8 2 . 63OE-7
I . 363E- 6 I . 698E- 7 I . 052E- 6
GB2 1 .3 6 2 E -7 1 .5 85E -8 I . I 5IE- 7
5 . 45IE- 7 6 .342E -8 4 . 607E-7
P+ 2 .068 E-8 
1 .0 34E -8
-------------- 2 . 978E-8




2 .0 5 4 E -5
2 . 74OE- 6
3 . 896E- 7  3 . I 6IE- 6  
3 . 55OE- 6
T o ta l  Carbon Loss= 4 .2 7 0 E -6  
D e v ia t io n s  1 6 .8 #


















P u ls e  1 P u l s e  2
2 A 57B-6  2 . I 5IE-6  
3 1 . 6  2 7 . 7
1 3 .0 4  3 .6 1
2 .9 1  2 .8 4
8 . 945E- 7  I . I 6OE- 6
I . 789E- 6  2 . 3 2IE- 6
5 .3 0 3 E -6  5 .6 0 9 E -6
I . 59IE- 5  1 .6 8 3 E -5
  2 .7 0 4 E -9
 --------  1 .082 E -8
5 .107 E -8  2 .1 4 9 E -7
2 .043 E -7  8 . 596E-7
I . 75IE-8  7 . 56OE-8
7 .00 4E -8  3 .0 2 4 e- 7
1 .7 9 7 E -5  2 .0 3 2 E -5
5 . 3 06E- 6  2 . 956E- 6
P u ls e  3 P u l s e  4 P u ls e  5 P u ls e  5 P u ls e  7
9 .2 20E -7
1 1 . 9
5 . 730E-7
7 .4




2 .0 80E -7
2 .7
2 .8 8
I . 152E- 6
1 .4 1 6 E -6
2 .7 1
6 .3 62E -7
7 . 679E-7
2 .8 2
4 .2 0 4 E -7
4 .9 2 4 E -7
2 .8 0
2 .6 42E -7
2 . 97IE-7
2 .8 0
1 .8 7 0 E -7
2 .1 0 5 E -7
6 .8 38E -6
I . 367E-5
7 . I 87E-6
1 .4 3 7 E -5
7 . 327E- 6
1 .4 6 5 E -5
7 .4 8 2 E -6
I . 496E- 5
7 .5 52 E-6
I . 51OE- 5
8 . 8 8 OE-7
2 .6 6 4 E -6
5 . 927E-9
2 . 37OE-8
I . 9I 8E-7
7 .67 3E -7
6 .642E -8
2 . 657E-7
5 .0 4 6 E -7
1 .5 1 4 E -6
5 .8 6 4 E -9
2 . 345E-8
9 .1 92E -8
3 . 676E-7
3 .3 8 8 E -8
1 .3 5 5 E -7
3 .4 8 4 E -7
1 .0 4 5 E -6
2 .3 1 3 E -7
6 .939 E -7




1 .888 E -8
7 .552 E -8
2 .42 5E -8  
9 . 7OOE-8  
8 . 66OE-9  
3 . 464E-8
1 .7 3 2 E -8
6 . 93IE-8
6 . I 88E-9
2 . 475E-8
1 .7 3 9 E -5
- I . 87E- 6
1 .6 4 1 E -5  I . 598E- 5  I . 578E- 5  I . 568E- 5  
- 8 . 90E- 7  -4 .6 7 E -7  - 2 .6 5 E - 7  - I . 69E-7
Table 20 0 .4 9 5  g ( 0 .2  cm) ; He; 34 ml/m in
A ct .  @ 500°C j 12 hr ; Rxn @ 0*C 
R eactan t:  2P-7E-2P • 7 . ? 6  m icro g m o le /p u ls e
fc o n t in u e d  on n e x t  page)

























2 . 34OE- 6
3 0 . 1
2 . 3 4
2 .8 4
1 .1 4 4 E -7
1 .1 4 4 E -7
7 . 628E- 6
I . 525E- 5
8 . 694E-8  
8 . 694e- 8
7 . 67OE- 6  
1 .5 3 4 e - 5
1 .2 9 3 E -6
2 . 586E- 6
1 .0 8 0 E -6
2 . I 6OE- 6
1 .848 E -8
3 . 697E-8
1 .1 4 4 e- 7 
3 .4 3 2 E -7
8 .6 94E -8
2 . 608E-7
5 .O63E- 6
I . 5I 8 E- 5
2 .1 0 1 E -9
8 .4 0 4 E -9
1 .3 63E -7
5 .4 52E -7
4 . 520E-8
1 . 8 O8 E-7
5 .4 2 0 E -6
1 .6 2 6 e- 5
7 .1 3 7 E -9
2 .8 55 E -8
3 . 36IE-7
1 .3 4 4 e - 6 
1 .1 8 2 E -7
4 . 728E-7
1 .8 1 8 E -7  
5 . 454 e- 7
TB2 9 .665 E -8
3 .8 6 6 E -7
3 .2 5 2 E -8
I . 300E- 7
GB2
TPD
3.315E -8  
6 . 630E-8  
7 .0 07E -7  
7 .OO7E-7  
8 .4 5 2 E -7  
2 . 5 3 6 e -6 
6 .808E -8
2 . 723E-7
1 .1 0 2 E -6  
4 .4 0 8 E -6
4 . 578E-7
I . 83IE-6  
8 .375 E -8
          4 . I 87E-7
1 .5 5 9 E -5  I . 56OE- 5  1 .8 5 0 E -5  2 .0 2 6 E -5  1 .0 9 9 E -6  1 .0 2 3 E -5
-7 .0 0 E -8  -8 .0 0 E -8  4 .7 7 9 E -6  3 .0 1 4 E -6
T o ta l  Carbon Loss= 1 .2 4 6 E -5  
D e v ia t io n s  9 .0 #
TPD Carbon/Rhenium= 6 .1 6 ^
p u ls e .  The su r fa c e  "wash" by e th y le n e  seems to  be th e  only  
reason  f o r  t h i s  d i f f e r e n c e .  A ccord ing ly , t h i s  e th y le n e  wash 
may c r e a te  some kind o f  a c t iv e  s i t e ,  probably a carbene, which 
i s  s u i ta b le  fo r  th e  production  o f  e th y le n e .  The butenes  
produced by the  te n th  p u lse  are more than the  amount produced 
by th e  f i r s t  p u ls e  but l e s s  than th a t  by th e  t h ir d  p u lse  of  
Table 8 . This r e s u l t  can occur  because the  wash p rocess  
does not com p lete ly  d estroy  the  a c t i v e  s i t e  r e s p o n s ib le  for  
B prod u ction . S im ilar  phenomena are a lso  observed when com­
p a r in g  Table 19 w ith  Table 5 .
IV. TEMPERATURE PROGRAMMED DESORPTION STUDY
The temperature programmed d eso rp tio n  (TPD) method i s  
v ery  u s e fu l  f o r  s tu dying  c a t a l y s t  su r fa ce  p r o p e r t i e s ,  the  
adsorp tion  s t a t e  o f  the adsorbed m a t e r ia l (46,4-7, ^ 4), the  
thermodynamic p r o p e r t ie s  o f  th e  d eso r p t io n  p r o c e s s ,  the  func­
t i o n  o f  the  ad so rp tio n  s i t e  f o r  r e a c t io n ( 5 4 ) ,  and even the  
r e a c t io n  m echanism (66). In th e  preced in g  s e c t io n ,  the  TPD 
combined with th e  p u lse  techn iqu e  was used to  determ ine the  
r e a c t io n  rou te  fo r  propylene m e ta th e s is .  Although t h i s  
method was a p p lie d  to  desorb th e  adsorbed o l e f i n s  so th a t  a 
m a ter ia l  ba lance  could be made, how th e se  o l e f i n s  adsorbed on 
th e  su rface  i s  s t i l l  unknown. In t h i s  s e c t io n ,  th e  r e s u l t s  
from TPD are d is c u sse d  in  r e l a t i o n  to  t h i s  q u e s t io n .
The procedure fo r  doing th e  TPD study in c lu d ed  se v er a l
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s te p s ;  (1) c a t a ly s t  a c t iv a t io n  (2) p read sorp tion  o f  th e  adsor-  
bate (3) removal o f  th e  p h y s i c a l ly  adsorbed gas (U-) program­
med d e so r p t io n  o f  th e  c h em ica lly  adsorbed res id u e  (5) r e ­
cord in g  o f  the  TPD chromatogram (6) tra p p in g  o f  th e  desorbed  
r e s id u e  (7) a n a ly s is  o f  th e  trapped m a t e r ia l .
A l l  the procedures b e fo re  th e  TPD were the same as  
th o se  d escr ib ed  in  l a s t  s e c t i o n .  The TPD was c a rr ie d  out 
a f t e r  the  in j e c t io n  o f  f i v e  p u lse s  p ropylene  and 15-m inute  
f lu s h  w ith  c a r r ie r  g a s .
IV-A P h y s ic a l  or Chemical Adsorption o f  Residue
TPD technique i s  on ly  s u i t a b le  fo r  ch em ica lly  ad­
sorbed r e s id u e s .  Therefore a check had to  be made to  se e  
i f  th e  r e s id u e s  were c h em ica lly  or p h y s i c a l l y  adsorbed under 
the  proposed experim ental procedures.
Columns 1 and k o f  Table 21 show th e  r e s u l t s  o f  t h i s  
check . The r e s u l t  shown in  column 1 was obtained u s in g  the  
proposed procedure, w h ile  in  column 4 an evacuation  s te p  was 
added b e fo re  the TPD run. The r e s u l t s  show that th e  evacua­
t io n  does not a f f e c t  th e  r e s u l t  o f  TPD run, so the r e s id u e s  
are ch em ic a lly  adsorbed under th e  proposed procedure.
A ccordingly , th e  evacu ation  s te p  to  remove p h y s i c a l l y  
adsorbed res id u e  i s  not n ecessa ry , s in c e  th e  f lu s h  w ith  c a r ­
r i e r  gas has th e  same fu n c t io n  as e v a cu a tio n .
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5 p s i a 5 p s i a
OO
00
5 p s i a  
5 p u l s e s
5 p s i a  
9 p u l s e s
5 p s i a  
1 p u l s e
Evac. 30 min 10 p s i a  
b e fo r e  TPD 5 p u l s e s
in  s t a t i c  
f o r  65 hr
E 4 .054 E -8 3 . 956E-8 4 .7 9 3 E -8 4 . 619E-8 3 . 099E-8 4 .0 0 3 E -8
CO2 6 . 730E-7 7 .48 4E -7 2 .955 E -7 7 .304 E -7 1 .0 1 4 e- 6 9 . I I 9E-7
P I . 969E-7 2 .10 2E -7 2 . 52OE-7 2 .233 E -7 2 .6 6 4 E -7 2 . I 56E-7
1-B 4 . 258E-8 4 . 095E-8 2 .372 E -8 4 . I 93E-8 5 .18 5E -8 3 .2 9 4 E -8
TB2 3 . 766E-7 3 .953 E -? 2 . 4 3OE-7 4 . 29IE-7 4 .9 5 4 E -7 3 .9 7 9 E -7
CB2 1 .688 E -7 1 .732 E -7 1 .0 4 8 E -7 1 .8 73E -7 2 . 057E- 7 1 .6 9 4 E -7
P+ 6 . 447E-8 6 .823E -8 2 .581E -8 6 . 279E-8 9 . 246E-8 4 .9 1 9 E -8
Carbon 4 .OI9E- 6 4 . 236E-6 2 . 762E-6 4 . 43 9E- 6 5 . 3 5 OE- 6 4 .2 8 5 E -6
Carbon/Re 2 .3 4 2 .4 6 1 .6 1 2 .5 7 3 .1 1 2 . 4 9
Table 21 Comparison o f  th e  hydrocarbons o b ta in ed  v i a TPD
w ith  d i f f e r e n t  p r e a d s o r p t io n  c o n d i t io n s  
0 .5 1 1 9  g ( 0 .5 5  cm) ; He; 54 m l/m in f o r  both  r e a c t i o n
and TPD
A ct. @ 502° C ; 12 hr ; Rxn @ 24°G 
TPD r a t e  @ 5 . 9 “C/min 
R eactant: P
*5 p s ia =  7 .2 9 9  m icro g m o le /p u ls e  
10 p s ia =  1 4 .6 4  m icro g m o le /p u ls e  
( a l l  v a lu e s  are  gmole u n le s s  s p e c i f i e d )
IV-B I n te r a c t io n  Between th e  Adsorbed R esidues
A comparison o f  column 6 in  Table 21 with column 1 
shows th a t  the r e s id u e  does not undergo r e a c t io n  b e fo re  b e g in ­
n in g  th e  TPD run. The increased  amount o f  COg may be caused  
by th e  undesorbed . However, a c o n c lu s io n  th at th e r e  i s  
a b s o lu t e ly  no r e a c t io n  between the  r e s id u e s  can not be drawn, 
because  th e  r e a c t io n  may a lready  have occurred and reached  
e q u il ib r iu m . Thus, based s o l e l y  on t h i s  comparison, i t  can 
not be concluded th a t  th e  Langmuir-Hinshelwood model does 
not f i t  t h i s  r e a c t io n .
IV-C E f fe c t  o f  D i f f e r e n t  P readsorption  Conditions
Columns 1 ,2 , 3 ,  and 5 o f  Table 21 demonstrate the  
e f f e c t  o f  d i f f e r e n t  p read sorp tion  c o n d i t io n s .  Columns 1 and 
2 in d ic a t e  th at a f t e r  th e  in j e c t io n  o f  f i v e  p u ls e s ,  the  su r fa c e  
reach es  a sa tu r a t io n  s t a t e  under the  in d ic a te d  p u lse  s i z e .
A s im i la r  con c lu s io n  may a lso  be drawn from the m a ter ia l  
ba lan ce  ta b le s  in  S e c t io n  II I -A . Those t a b le s  show th a t  th e  
su r fa c e  i s  c lo se  to  s a tu r a t io n  s t a t e  a f t e r  the  th ir d  p u l s e ,  
i f  th e  carbon l o s s  i s  con sid ered .
Columns 1 and 3 show th a t  the  su r fa c e  i s  not a t  a s a tu r a ­
t i o n  s t a t e  a f te r  one i n j e c t i o n  p u ls e .  Columns 1 and 5 show 
th a t  th e  adsorption  amount depends on th e  p a r t i a l  p r e ssu r e .
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IV-D TPD Chromatogram and
The TPD chromatogram may be recorded by the  th erm istor  
s e t  1 (Figure 1) when th e  desorbed r e s id u e  p a sse s  through.
Figure 21 g i v e s  an example o f  th e  chromatogram. At 
l e a s t  f i v e  d i s t in g u i s h a b le  peaks are observed, but th e  l a s t  
th r e e  are very sm all so  they can not always be a c c u r a te ly  
record ed . Because o f  the tem perature change, th e  c a r r ie r  
gas f lo w  ra te  may be a f f e c t e d .  T herefore, the  sm all peaks,  
i f  any, at h igh er  d e so r p t io n  tem peratures are hard t o  record  
due to  the base l i n e  change. The f a c t  that COg i s  always 
observed in the  trapped m ater ia l s u g g e s t s  th a t the  oxygen  
comes from the  c a t a l y s t  in stead  o f  from the  oxygen f r e e  helium.
The presen ce  o f  f iv e  peaks in d ic a t e  f i v e  d i f f e r e n t  
a c t iv a t io n  en erg ies  o f  desorption  or h ea ts  of d e so r p t io n .  
Therefore the  c a t a l y s t  surface i s  e n e r g e t i c a l ly  heterogeneous.  
However, su rface  m ig ra tio n  of the  r e s id u e  and the com plex ity  
caused by adsorp tion  o f  a mixture may com plicate  t h i s  desorp­
t i o n  p r o c ess .
Table 22 g iv e s  the  T^^s o f  d i f f e r e n t  peaks w ith  d i f f ­
eren t  p readsorption  c o n d it io n s  and d i f f e r e n t  c a r r ie r  gas flow  
r a t e s .  Columns 1 and 2 show th a t  th e  T^^s are s h i f t e d  to  
high er  v a lu es ,  except fo r  peaks IV and V, when the  r a t i o  o f  
Carbon/Re(surface coverage) i s  h ig h er .  Columns 1 and 3 show 
th a t  th e  T^/s are s h i f t e d  to lower v a lu e s ,  except f o r  peaks 
IV and V, when the  r a t i o  o f Carbon/Re i s  lower. These com­
p a r iso n s  su ggest  th a t  th e  in d iv id u a l  adsorption  s i t e s  are
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F ig ,  21 TPD chromatogram a f t e r  th e  i n j e c t i o n  o f  5 p u l s e s  P 
7 .2 9 9  m icro  g m o le /p u ls e
Act. @ 502°C ; Rxn @ 2lf°C : He @ 3^ ml/min
TPD rate @ 5.9°C/min ; He @ 3^ ml/min ; surface coverage; 2.3"+^ 
Catalyst: 0.5119 g (0.55 cm)
. *
5 p s i a
5 p u l s e s
*
10 p s i a  
5 p u l s e s
5 p s i a  
1 p u l s e
5 p s i a  
9 p u l s e s
D p s i a  
5 p u l s e s  
He: 154 m l/m in
Carbon/Re 2 .3 4 3 .1 1 1 .6 1 2 .4 6
Peak I 64.7°C 6 9 . 2*0 5 8 .2 * 0 6 4 .4 * 0 5 5 .3 * 0
Peak I I 93 .0°C 9 9 .7 * 0 8 9 .8 * 0 9 2 .3 * 0 8 8 .1 * 0
Peak I I I 1 2 8 .7°C 1 3 1 . 3°G 1 2 0 .6 * 0 1 2 5 .3 * 0 1 1 5 . 0*0
Peak IV 1 4 6 .0°C 1 4 5 .2 * 0 1 4 8 .6 * 0 1 4 0 .2  *0
Peak V 1 5 7 . 6 °C 1 5 7 .2 * 0 1 6 0 . 1*0 1 5 7 . 9*0
VOt\3 Table 22 Comparison o f  T^ w ith  d i f f e r e n t  p r e a d s o r p t io n  and TPD 
c o n d i t io n s
0 .5 1 1 9  g ( 0 .5 5  cm)
, o
He: 34 m l/m in f o r  b oth  r e a c t i o n  
and ÏPD
A ct. @ 5 0 2 "C ; 12 hr ; Rxn @ 24°G 
TPD r a t e  5.9®C /m in  
R eactant; P
* 5 p s ia =  7 .2 9 9  m icro g m o le /^ u ls e  
10 p s i a = l 4 .64  m icro  g m o le /p u ls e
l i k e l y  t o  be heterogeneous, s in c e  o th erw ise  th e  T^^s should  
appear a t  th e  same v a lu e s .  The s h i f t  o f  T^^s to lower v a lu e s  
w ith  l e s s  adsorp tion  may be caused by th e  d i f f e r e n t  b in d in g  
e n e r g ie s  o f  var iou s s p e c i e s  on the c a t a l y s t .
Columns 1 and 5 o f  Table 22 show th a t  the T^'s are  
s h i f t e d  to  lower v a lu e s ,  except fo r  peak V, when a h ig h er  
c a r r ie r  gas f low  r a te  i s  u sed . This phenomenon in d ic a t e s  
th e  occurrence of r e a d so r p t io n  during th e  TPD when a lower  
f lo w  r a te  i s  used. Because o f  the  h igh f lo w  rate  th e  r e s id u e  
can not be trapped by th e  l iq u id  n itr o g e n  and the v a lu e  o f  
Carbon/Re i s  not shown in  th e  ta b le .
The d esorp tion  corresponding to peaks IV and V, e sp e ­
c i a l l y  peak V, of Table 22 i s  l i k e l y  to have been c o n tr o l le d  
by mass t r a n s fe r  e f f e c t s  or caused by experim ental error  
s in c e  t h e s e  peaks are to o  sm all to  be a c c u r a te ly  measured.
IV-E E f f e c t  o f  TPD Rate and Surface M igration
Table 23 e x p r esse s  th e  e f f e c t  o f  TPD ra te  on th e  de­
sorbed m a te r ia ls .  The t a b le  in d ic a te s  th a t  d i f f e r e n t  r a te s  
do not have an e f f e c t  on th e  com position, although readsorp­
t i o n  and r e - r e a c t io n  may occur during th e  TPD. Note th a t  
e th y le n e  i s  not observed when a th in  bed i s  used, but i s  when 
a t h ic k  bed i s  used(T able  2 1 ) .  This r e s u l t  may aga in  su g g es t  
the  occurrence o f  r e a d so r p t io n  and r e - r e a c t io n  during th e  TPD.
Figure 22 dem onstrates the p resen ce  o f  su rfa ce  migra-
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VO-p-
5.9°C/min 8.82^C/mxn 11.68 °C/min
E
00^ 1 .7 8 5 E -7 1 .7 8 1 E -7 1 .7 1 2 E -7
P 2 .3 8 5 E -7 2 .1 53E -7 2 .3 6 5 E -7
1-B 3 .390 E -8 3 .104 E -8 3 .3 12E -8
TB2 3 .2 4 2 E -7 3 .0 8 0 E -7 3 .1 6 2 E -7
GB2 1 .6 0 4 E -7 1 .721 E -7 1 .5 6 3 E -7
P^ 5 .79 4E -8 4 .1 48E -8 5 .685 E -8
C0% 7 .4 1 7 E -7 7 .372 E -7 7 .5 9 5 E -7
Carbon/Re 2 .4 2  • 2 .3 4 2 .3 9
Table 23 Comparison o f  th e  desorbed  h y d ro c a r b o n (v ia  TPD)
with different TPD rates
0 .4 9 2 4  g ( 0 .2  cm) ; He; 34 m l/m in f o r  b o th  r e a c t i o n  and TPD 
A ct.  @ 502°C ; 12 hr ; Rxn @ 2 4 ° C 
R eactan t;  P
* o b ta in ed  v i a  th e  i n j e c t i o n  o f  Op 
( a l l  v a lu e s  are  gmole u n le s s  s p e c i f i e d )
1 0 2 .6°C
( I )
■ ( I I )
VOLa
( I I I )
F ig .  22 TPD chromatogram o f  th e  adsorbed  P (5  p u l s e s )
7 .2 9 9  micro gmole/pulse ; He @ 3^ ml/min 
C a t a ly s t ;  0.Ç92M- g ( 0 . 2  cm)
A ct. @ 501° 0 ; 12 hr ; Rxn @ 24^0 
TPD r a t e  @ 1 1 .68 °C /m in  ; He @ 34 m l/m in  
T h is chromatogram r e v e a l s  th e  m ig r a t io n  o f  ad sorb ed  
hydrocarbon d u r in g  TPD
t i o n  during th e  TPD run. The TPD was ca rr ied  out w ith  four  
s t e p s .  The f ig u r e  shows the  f i r s t  th ree  s te p s  rep re sen ted  
as ( I ) ,  ( I I ) ,  and ( I I I ) .  The f i r s t  s tep  s ta r te d  from 24°C 
and stopped at 1 0 2 .6°C, fo llo w ed  by a quench to  24°C. The 
second step  s t a r t e d  from 24°C and stopped at 1 5 3 .2°C, fo llow ed  
by a quench to  2 4 °C. The th ir d  and fou rth  s te p s  fo l lo w e d
th e  same procedures but stopped a t  200°C and 500°C r e s p e c ­
t i v e l y .  The fo u r th  step  was fo l lo w e d  by an i n j e c t i o n  o f  
oxygen in s te a d  o f  a  quench so  th a t  th e  t o t a l  m a te r ia l  balance  
co u ld  be made.
Table 24 p r e se n ts  th e  r e s u l t s  from Figure 2 2 . This 
t a b l e  shows th a t  th e  o l e f i n s  are desorbed below 200°C. Above 
20 0°C only COg i s  desorbed, and th e  oxygen i s  from th e  c a ta ­
l y s t  w hile  th e  carbon i s  from th e  coke and/or th e  cracked  
r e s id u e .
IV -F Heat o f  D esorp tion
Cvetanovic e t  a l .  (4 6 ,4 7 )  proposed th a t  th e  a c t iv a ­
t i o n  energy o f  d eso r p t io n  or the  h ea t  o f  d e so r p t io n  may be 
c a lc u la te d  from th e  T^^s i f  th e  in d iv id u a l  s i t e  i s  homoge­
n eou s . In S e c t io n  IV-D the p r e sen ce  o f  heterogen eou s in d i ­
v id u a l  s i t e s  and rea d so rp tio n  during  TPD run were su g g es ted ,  
so  C v etan ov ic 's  method can not be used to  c a lc u la t e  th e  exact 
v a lu e  o f  a c t i v a t i o n  energy o f  d e so r p t io n  or th e  h ea t  o f  des­
o r p t io n .  However, an est im a te  o f  th e  approximate heat o f  
d e so r p tio n  can be made in s te a d  o f  th e  exact c a l c u l a t io n .
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VO-V]




I . 678E- 7 9 . 71 OE-7*
8 .0 3 2 E -7
2 .4 4 1 E -7I . 396E- 7 8 . 30IE -8 2 .1 4 9 E -8
1-B 1 .1 8 4 e- 8 1 .224 E -8 3 . 940E- 9 2 .802 E -8
TB2 I . 86OE-7 I . 216E- 7 2 . 56OE- 8 3 .3 3 2 E -7
GB2 7 .773 E -8 5 . 503E-8 I . 329E-8 1 .4 6 0 E -7
P+ 2 .28 0E -8 2 . 569E-8 7 . 597E- 9 5 . 608E-8
Carbon/Re 0 .9 9 0 .6 9 0 .1 7 0 .1 2 .4 3
Table  2k Comparison o f  hydrocarbon desorbed  w ith  d i f f e r e n t  upper
l i m i t  tem p era tu res
0 .4 9 2 4  g ( 0 .2  cm) ; He; 34 m l/m in f o r  r e a c t i o n  and TPD 
A c t .  @ 502°C ; 12 hr ; Rxn @ 2 4 ° C 
TPD r a t e  @ 1 1 .6 8°C /m in
R eactan t:  P ; 5 p u l s e s  i n j e c t e d  ; 7 .2 9 9  m icro g m o le /p u ls e  
* o b ta in ed  v i a  th e  i n j e c t i o n  o f  Og
Table 25 i l l u s t r a t e s  the  dependence o f  on bed 
th ic k n e s s  and th e  approximate value o f  heat o f  d e so r p t io n .
The Tjyj's o f  the  th ic k  bed are always h igh er  than th ose  o f  the  
th in  bed . This f a c t  in d ic a t e s  the occurrence  o f  rea d so rp tio n  
during TPD run when a th ic k  bed i s  used . T h e o r e t ic a l ly ,  
th e  second peak should have a higher v a lu e  o f  heat o f  d e s ­
o r p t io n ,  but in  f a c t  th e  o p p osite  i s  t r u e .  The p o s s ib l e  
reason s fo r  t h i s  unexpected r e s u l t  are: (1 ) r e s id u e  m ig ra tio n  
on th e  su rface;  (2 ) th e  occurrence o f  rea d so rp tio n  and r e ­
r e a c t io n ;  (3 ) th e  compensation e f f e c t  o f  th e  p reex p o n en tia l  
f a c t o r ( 6 7 ) .
IV-G Adsorption and TPD Chromatogram o f  CO^
Figure 21 dem onstrates the p resen ce  o f  a heterogeneous  
su r fa c e .  The TPD chromatogram of preadsorbed COg proves  
t h i s  as w e l l .
Figure 23 i l l u s t r a t e s  the TPD chromatogram o f  COg» 
There are  four d i s t in g u i s h a b le  peaks and a sm all amount o f  
COg s t i l l  coming o f f  a t  a h igher tem perature. A ccordingly ,  
th e re  i s  no doubt th a t  th e  su rface  i s  e n e r g e t ic  heterogeneous  
although rea d sorp tio n  and m igration  can s t i l l  occur.
In order to  check i f  the  adsorbed COg i s  t o t a l l y  
desorbed below 200° C as observed in  th e  o l e f i n  d eso rp tio n  
(Table 2 4 ) ,  the TPD run was d iv ided in to  two s e c t io n s .  The 
r e s u l t  i s  shown in  Table 26. Apparently, th e  COg i s  s t i l l  




Heat o f  d e s o r p t io n  
(K ca l/g m o le )
5 . 9°C/min
8 .82°C /m in
1 1 . 68°C/min
0 .5 1 1 9  g ( 0 . 5 5  cm)
A ct .  @ 502°C ;12 hr;Rxn @ 24°C 
5 p u l s e s  P
7 .2 9 9  m icro g m o le /p u ls e  
He: 34 m l/m in f o r  r e a c t i o n  
and WD 
R eactan t:  P
Carbon/Re; 2 .3 k fc -2 .5 7 f ‘>
Peak I 
8 .7
6k . 7° C 




9 3 .o ° c
1 1 6 .6  C 
1 3 8 . 2*0
0 .4 9 2 4  g ( 0 .2  cm)
A ct . @ 502*0;12  hr;Rxn @ 24 0 
5 p u l s e s
7 .2 9 9  m icro  g m o le /p u ls e  
He: 34 m l/m in f o r  r e a c t i o n  
and WD 




6 7 . 2*0
7 3 .5 * 0
8 4 .1 * 0
Peak I I
4 . 7
8 7 .3 * 0
1 0 5 . 9*0
1 1 7 . 2*0
Table 25 Oomparison o f  Tj^  and h ea t  o f  d e s o r p t io n  
w ith  d i f f e r e n t  bed t h ic k n e s s
7 8 . 3 *C 12^ r . C
oo
^ 0 . 0
F ip  21 TPD chromatogram o f  t h e  adsorb ed  COp o_
A ct . @ ?02®C ; 12 hr ; COg i n  s t a t i c  f o r  10 hr @ 2^ C 
TPD r a t e  @ 11 .68°C /m in  ; -He @ 3^ m l/m in  
C a t a l y s t :  0,'+956 g ( 0 . 2  cm)
24°C to  208°C: 4 .O69E-6
208®C to  500*0: 4.821E-7
T ota l:  k.551E-6
Table 26 COg adsorp tion  amount
0 .4 9 5  g (0 .2  cm)
A ct. @ 502*0 ; 12 hr
COg in  s t a t i c  fo r  12 hr @ 24 0
(v a lu e s  are in  gmole)
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th e  t o t a l  ad so rp tion  amount.
IV-H E f fe c t  o f  TPD on R eaction
Figure 24 shows a c a se  where TPD was carr ied  out a f t e r  
th e  i n j e c t i o n  o f  fou r  p u l s e s  o f prop y len e , fo llow ed  hy the  
f i f t h  p u ls e  in j e c t i o n  o f  p ropylene . The TPD was ca rr ied  out  
to  a tem perature not more than 200°G to  avo id  coking and 
cra ck in g (^ a h le  2 4 ) .  The amount o f  e th y len e  produced hy th e  
f i f t h  p u ls e  in c re a se d  s u b s t a n t ia l ly ,  w h ile  the tr a n s -2 -  
butene decreased . Furthermore, th e  h ig h er  the f i n a l  
tem perature o f  th e  TPD, th e  more e th y le n e  produced by the  
f i f t h  p u lse ;  co rresp on d in g ly , the h igh er  th e  temperature, 
the  l e s s  tra n s-2 -b u te n e  produced. A ccord ing ly , the TPD 
produces some type o f  a c t i v e  s i t e  s u i t a b l e  f o r  the p ro d u ction  
o f  e th y le n e ,  but not f o r  tr a n s -2 -b u te n e .  This r e s u l t  supports  
th e  id e a  th a t  the p ro d u ct io n  of E and B f o l lo w  d i f f e r e n t  
r o u t e s .
V. SPECIFIC POISON BY 00^ AND NH^     ^ ^
S ec tio n  IV-G showed the TPD run o f  CO2 , w hile  t h i s  
s e c t i o n  shows the r e a c t io n  on the c a t a l y s t  p r e tr ea te d  w ith  
COg. The c a t a ly s t  was a c t iv a te d  then  t r e a t e d  by s t a t i c  COg 
f o r  10 hrs, fo llow ed  by pumping the bulk CO^  out o f  th e  r e a c ­
to r  and r e a c t io n  o f  p ro p y len e .
The r e s u l t s  are  shown in  Table 27 and 28, and F igu res
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o  standard procedure  
•  TPD sto p s  <3 1 0 3 . 1 °C 











P u ise  Number
Fig.2^ PA9A l^ j.0 .2  Ç. ^  g
7 .3  m icro g m o le /p u lse  
He: 3^ m l/min
TPD perform ed in  between ^th and 5 th  p u ls e s
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2 . 67OE- 6




E 1 .4 8 9 E -6 1 .3 5 3 E -6 1 .3 1 5 E -6 1 . 430E- 6 I . I 5OE- 6 2 .086 E -8
CO2 6 . 052E- 7 2 . 988E- 7 2 .2 8 9 E -7 2 . 090E- 7 2 .1 0 2 E -7 2 . 35OE-8 3 .90 4E -6 ,
8 .7 8 3 E -7
P 5 . 050E- 6 5 .0 4 0 E -6 5 .O6OE- 6 5 . 050E- 6 5 .O93E- 6 5 . 986E-8 3 . 320E- 7
1-B 5 . 517E- 9 I . 969E-8 3 . 747E-8 3 . 920E-8 4 .4 4 0 E -8 2 .5 7 2 E -9 4 . 330 E-8
TB2 2 .8 3 0 E -7 6 .297E -7 8 . 177E- 7 9 . 060E- 7 9 .8 4 7 E -7 9 . I 07E-8 4 . 4 17 E- 7
CB2 I.O 8 7 E-7 2 .5 2 2 E -7 3 .0 9 2 E -7 3 . 416E- 7 3 . 695E-7 3 .5 4 2 E -8 I . 8 65E-7
P+ 8 .9 3 2 E -1 0 6 .264E -10 1 .0 5 8 E -8 I . 617E-8 1 .637 E -8 4 .1 2 0 E -9 6 .388 E -8
Carbon I . 97IE- 5 2 .1 4 4 E -5 2 .2 5 2 E -5 2 . 323E- 5 2 . 325 E- 5 7 .5 8 3 E -7 4 .8 7 9 E -6
Carbon 3 . 57 OE- 6 1 .8 4 0 E -6 7 . 57OE- 7 4 . 230E-8 2 .25 5E -8
5 .6 3 7 E -6
Loss
Table 27
T o ta l Carbon Loss= 6 .2 3 2 E -6  D e v ia t io n =  9-5%
TPD Carbon/Rhenlum= 3 . 097%
♦ c o n tr ib u te d  by hydrocarbon n o t  by th e  o r i g i n a l l y  
adsorbed CO2
0 .4 9 5  g ( 0 .2  cm) ; He: 34 m l/m in ; R eactan t:  P
A ct. @ 501°C ; 12 hr ; in  s t a t i c  COp f o r  12 hr @ 24 C;
Rxn @ 2 4 * 0  ^
( a l l  v a lu e s  a re  gmole u n le s s  s p e c i f i e d )






3 .1 6 8 E -6
4 0 .8  
1 4 .9 7  
2 .5 7
1 8 .8





2 .3 8 8 E -6
3 0 .7
2 .1 1
2 . 4 9
2 5 . 6
2 .4 2 8 E -6
3 1 .2
1 .4 7
2 . 5 9
2 6 .4
2 .3 9 5 E -6
3 0 .8
1 .2 3
2 . 5 9
2 8 .0
E I . 37 OE- 6 1 .4 9 2 E -6 1 .3 5 2 E -6 1 .2 1 8 E -6 1 .1 9 8 E -6 3 .4 1 2 E -8
CO2 6 .10 0E -7 3 .2 1 4 E -7 2 . 3 69 E-7 1 .9 7 9 E -7 1 .6 6 6 E -7 2 . 345E-8 4 .602E -6 .
9 . 26IE-7
P 4 .5 9 2 E -6 5 .1 1 3 E -6 5 .3 7 2 E -6 5 .3 3 2 E -6 5 . 365E- 6 8 . 506E-8 I.OO6E- 6
1-B 1 .6 4 9 E -9 2 . 756E-9 9 . I 66E- 9 1 .3 12E -8 I . 836E-8 9 . 07IE-8
TB2 6 . 470E-8 2 .5 40E -7 4 .4 9 5 E -7 5 .8 8 2 E -7 6 .88 5E -7 1 .4 8 8 E -7 I . 478 E- 6
CB2 2 . 517E-8 9 .733E -8 1 .8 0 5 E -7 2 .2 7 3 E -7 2 . 659E-7 5 . 5IOE-8 5 . 549E- 7




1 .6 8 8 E -5
6 .U00E- 6
1 .9 7 4 E -5
3 . 540E- 6
2 .1 3 7 E -5
I . 9IOE- 6
2 .1 7 5 E -5
I . 53OE- 6
2 .2 3 9 E -5
8 . 90OE-7
1 .0 7 4 E -6  1 .3 0 9 E -5  
1 .4 1 6 E -5
Table 28
T o ta l  Carbon Loss= 1 .^ 27 E -5  D e v ia t io n =  0.7%
TPD Carbon/Rhenium= 7.8%
* c o n tr ib u te d  by hydrocarbon n o t  by th e  o r i g i n a l l y  
adsorbed COg
0 .^ 9 5  g ( 0 .2  cm) ; He: 34 m l/m in ; Rxn @ 24°C 
A c t .  @ 5 0 1 °C ; 12 hr ; in  s t a t i c  COp f o r  10 hr @ 24” C 
R eactan t: 5P ; 7 . 7 6  m icro g m o le /p u ls e  
( a l l  v a lu e s  are  gmole u n le s s  s p e c i f i e d )
12 and 1 5 . The f i g u r e s  in d ic a t e  th a t  th e  adsorption  o f  CO^  
has a p o s i t i v e  e f f e c t  on th e  r e a c t io n ,  a lthough the e th y le n e  
p r o d u c t io n  curve has been  changed s l i g h t l y .  This change in  
th e  e th y le n e  curve w i l l  be d is c u sse d  l a t e r .  Table 27 shows 
th a t  t h e  adsorbed COg may be d isp la c e d  on th e  in j e c t io n  o f  
p ro p y len e  and th e  m a te r ia l  balance shows th a t  the amount o f  
o l e f i n s  adsorbed i s  s i m i la r  to  th a t  in  Table 5 .  The same 
r e s u l t s  are obtained from Table 28 and 8 . Therefore, th e  
adsorbed COg in c r e a se s  th e  r e a c t io n  r a t e .  This r a te  in c r e a s e  
may be a scr ib ed  to  the  a c i d i t y  change o f  s i t e s  adjacent to  
th e  a c t i v e  s i t e  because o f  th e  a d so rp t io n  o f  002( 68, 6 9 ) .
I f  the proposed e f f e c t  o f  a c i d i t y  on the r e a c t io n  i s  
c o r r e c t  th e  e l im in a t io n  o f  th e  a c i d i t y  may k i l l  the  c a t a l y s t  
a c t i v i t y .  NH^  i s  a good p o iso n  to  both  Lewis and Bronsted  
a c id s  because NH^  has a  p a ir  o f unshared e l e c t r o n s ( 69 ) which  
may r e a c t  with a c id ic  s i t e s .  In tro d u c in g  6 7 .51 m icro-gmole  
NH^(0.75?5 o f  Re p lu s  A1 atoms) to th e  a c t iv a t e d  c a t a ly s t  k i l l s  
th e  a c t i v i t y  c o m p le te ly . Therefore, a c i d i t y ,  to  which both  
th e  Lewis and Bronsted a c id  s i t e s  may c o n tr ib u te ,  i s  impor­
ta n t  t o  th e  r e a c t io n .  U n fortu n ate ly , th e  p o ison  on ly  t o  th e  
Bronsted ac id  can not be found, so th e  ex act  e f f e c t  o f  Bronsted  




I .  RATE EQUATIONS OF THE KINETIC STUDY
As d iscu sse d  by H su(30), th e  r a te  o f  m eta th es is  r e ­
a c t io n  in  a heterogeneous c a t a l y s i s  system  i s  not ju s t  a 
fu n c t io n  o f  rea c ta n t c o n c en tr a t io n  but a l s o  a fu n c t io n  of  
the  number o f  su rface  a c t iv e  s i t e s .  He proposed a model f o r  
the  changes o f  the s i t e  d e n s i ty  and d er iv ed  the  r a te  expre­
s s io n  w ith  r esp ec t  to  th e  su rfa ce  a c t i v e  s i t e  co n c en tr a t io n .  
This r a te  exp ress ion  was
R = (9)
where k , P, and L are r a te  co n sta n t ,  r e a c ta n t  p a r t ia l  p r e s -  
m
sure , and a c t iv e  s i t e  d e n s i ty  r e s p e c t i v e l y .  In a d d it io n ,  
s in c e  th e  reac ta n t p a r t i a l  p ressu re  was f ix e d  at 1 atm, th e  
e x p r e ss io n  was s im p l i f i e d  as
R = k^L (10)
Expressions f o r  L as a fu n c t io n  o f  time were d er ived
fo r  both the  b reak -in  and d e a c t iv a t io n  p e r io d s .  Some sim -
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p l i f l e d  r a te  e x p r e ss io n s  are shown i n  Table 2.
Hsu(30) c o r r e la te d  h i s  k i n e t i c  data v/ith equation  
(1 0 ) ,  and concluded th a t  the b r e a k -in  r a te  was second order  
w ith  r e sp e c t  to  th e  ad sorp tion  a c t i v e  s i t e  d e n s i ty ,  and th a t  
d e a c t iv a t io n  r a te  was between 1 and 2 order w ith  r e s p e c t  to  
L (a c t iv e  s i t e  d e n s i t y ) .
In f a c t ,  th e  r a te  e x p r e ss io n  should be w r i t t e n  as
R = k^L^ (11)
in s te a d  of equation  (1 0 ) .  A c o r r e la t io n  o f  th e  k i n e t i c  data  
obta ined  in  th e  p r e se n t  work w ith  equation  (11) and L shows 
th a t  th e  c o r r e la t io n  does not converge u n less  b i s  equal to  
u n ity .  Therefore, th e  r e a c t io n  r a te  i s  f i r s t  order with  
r e sp e c t  to  the a c t iv e  s i t e  d e n s i ty .  The d is c u s s io n  and the  
r e s u l t  shown in  Table 2 are based on the case where b = l .
In c o n tr a s t  to  H su 's (30) c o r r e la t io n ,  Table 2 (Part B) 
shows th a t  f i r s t  order with r e sp e c t  to  the ad so rp tio n  a c t iv e  
s i t e  d e n s i ty  and su r fa c e  a c t iv e  s i t e  den sity (L ) may adequately  
d e sc r ib e  the b r e a k -in  and d e a c t iv a t io n  r a te s .  A c lo s e  look  
at Table 2 (Part A) shows th a t  the exp ress io n  o f  1-B and 1-D 
have th e  same meaning as th a t  o f  2-B and 2-D because  the  
exp o n en tia l  term may be expanded in t o  a s e r i e s .  This f a c t  
may ex p la in  why Hsu(30) proposed th a t  both f i r s t  and second  
order d e a c t iv a t io n  r a te s  adequately  c o rr e la ted  w ith  h i s  k in e t ic  
d a ta . However, th e  b rea k -in  r a te  was second order in s te a d  
o f  f i r s t  order in  th e  p resen t  study with resp ec t  to  th e  adsorp-
108
t io n  a c t i v e  s i t e  d e n s i ty .  This d i f f e r e n c e  i s  s t i l l  not ade­
q u a te ly  understood .
S in ce  the d e a c t iv a t io n  r a te  may be c o r r e la te d  with  
f i r s t  order formula, th e  d e a c t iv a t io n  r a te  c o n s ta n ts  are shown 
in  Table 2 (Part C). The s m a l le s t  d e a c t iv a t io n  r a te  con stan t  
occurs when the  r e a c t io n  i s  ca rr ied  out a t  5 0 °C. This r e s u l t  
i s  c o n s i s t e n t  with Figure ?.
Table 29 shows th e  r a te  equation obta in ed  from the  
c o r r e la t io n .  The high d e v ia t io n  at 203*^0 and 303^0 may be 
due to  experim ental error.
F igu re  25 r ep re sen ts  the  proposed su p erim p osition  
e f f e c t  and correspond to  Table 3 . The amount o f  COg should  
decrease  w ith  d ecreasing  temperature i f  i t  r e p r e se n ts  the  
amount o f  h igh  m olecular w eight product and coke . The amount 
of hydrocarbon should d ecrea se  with in c r e a s in g  temperature 
i f  i t  r e p r e se n ts  the eq u il ib r iu m  adsorption  amount. However, 
d e v ia t io n  i s  observed a t  th e  low temperature end of COg curve  
and high temperature end of-hydrocarbon curve, because o f  th e  
r e - r e a c t io n  occurring during the TPD run. Because o f  the  
high c o n c en tr a t io n  o f  hydrocarbon on the  c a t a l y s t  su rface  and 
the occurrence  o f rea d so rp tio n  during the TPD ru n (see  Table 
22 ),  r e - r e a c t io n  may occur, such as crack ing  and r e a c tio n s  
to produce h igh er  m olecular weight hydrocarbons. The crack­
ing r e a c t io n  can cause the  d e v ia t io n  o f  the hydrocarbon curve, 
w hile  th e  production  o f  h igh er  m olecular w eight product and 





Order R (t) D ev .(^ )
B D
0 .0
2 1 0 .0 0 5 8 2 7 (1 - (1 + 2 7 .9^t)"^) 
X e x p (-0 .0 6 7 8 3 t )
1 .3 4
2 2 0 .0 0 5 8 8 7 (1 - (1 + 2 7 .0 9 t ) ) /  
( l+ 0 .0 7 9 7 3 t)
1 .3 2
1 1 0 .0 0 5 4 2 (1 -exp( - 1 8 . 637t))  
X e x p (-0 .0 4 7 3 6 t )
2 .0 0
1 2 0 . 005432( 1 - exp ( - 1 8 . 5 6 3 t ) ) /
( l+ 0 . 05l 66t )
2 .0 6
25 .0 1 0.01568 X e x p ( -0 .1 1 8 t ) 3 .3 2
5 0 .0 1 0.02837 X exp ( - 0 . 0432t ) 2 .4 6
103 .0 1 0.04544 X ex p ( - 0 . I l 4 t ) 1 .78
203.0 1 0.0511 X e x p (-0 .6 9 2 t ) 1 1 .3
303 .0 1 0.001452 X e x p (-0 .5 7 6 t ) 1 3 .5
Table 29 R esu lt  of the C o rre la tio n  of th e  K in e t ic  
Data
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0  Amount o f  hydrocarbon  
•  Amount o f  CO^
----------  P r e d ic te d  value
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minimum p o in t  o f  t h i s  su p er im p o sition  e f f e c t  i s  s t i l l  around 
50°C. T herefore, th e  most s t a b le  r e a c t io n  occurs a t  50°C 
and i s  due to  th e  lower amount o f  adsorption  compared to 
th a t  at a lower tem perature, and th e  lower m olecu lar  weight 
product produced compared w ith  th a t  a t  a h igher  tem perature.
I I .  BREAK-IN AND DEACTIVATION
W ills  e t  a l . (5) s tu d ied  propylene m e ta th e s is  using  
tu n gsten  o x i d e / s i l i c a  as the c a t a l y s t .  They found th e  break- 
in  period  and c o lo r  change. The c o lo r  was y e l lo w  i n i t i a l l y  
and changed to  b lu e ,  WOg g, a t  s te a d y  s t a t e .  However, when 
th e  c a t a ly s t  was prereduced to  WO^  g by hydrogen a t  400°C, 
th e  break-in  p er io d  was s t i l l  observed . A ccord ing ly , the  
form ation o f  a c e r t a in  type o f  organ om eta llic  s tr u c tu r e  was 
proposed during th e  break-in  p e r io d  a long w ith  th e  red u ction .
Andreev e t  a l . ( l 6 )  observed Re(+6) from r e f l e c t a n c e  
s p e c tr a  a f t e r  c o n ta c t in g  the RegOy/AlgO^ c a t a l y s t  w ith  pro­
p y le n e .  They proposed the form ation  o f  mesoperrhenate  
s tr u c tu r e  w ith  th e  p a r t i c ip a t io n  o f  rhenium and alumina a f t e r  
h e a t in g  the  c a t a l y s t  above 360°C and having the rhenium in  
th e  ReO^  ^ s t a t e .  They a lso  proposed th a t  th e  p resen ce  of  
Re(VI) and anion vacancy formed th e  F -cen ter  which were r e s ­
p o n s ib le  fo r  th e  r e a c t io n .
Boelhouwer e t  a l . ( 6 4 ,6 5 ) concluded th a t  th e  m eta th es is  
a c t i v i t y  was generated  by the  r ed u c tio n  of th e  c a t a l y s t  by 
o le f in s (p r o p y le n e  and higher a lk e n e s ) .  S im u ltan eou sly , water
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was generated , d e te c te d  by IR, and th e  g r ea ter  p art were a s so -  
c i a t i v e l y  adsorbed a t  room tem perature. Furthermore, th e  
p rod u ction  o f  methylene a long  w ith  th e  red uction  was d e te c te d  
by IR. The i n i t i a l  r ed u c t io n  o f  th e  c a ta ly s t (R e ( + 7 ) ) by 
o l e f i n s  was proposed by P eacock (70), although the exact p r o c e ss  
i s  s t i l l  unknown, as fo l lo w s ;
C.Hg + Re+? + 0 “  ^ --------— Re) '^  ^ + OH" + e" (12)
and th e  neighboring  Re(+7) was reduced by the fr e e  e le c tr o n s  
as fo l lo w s:
m e" + Re*? -------------= -  Re^?"®^* (13)
Therefore, i t  i s  g e n e r a l ly  accepted  that the break-  
in ,  observed at 0°C, p e r io d  i s  p a r t i a l l y  due to the  r ed u c tio n  
o f  th e  c a t a ly s t  by r e a c ta n t  to c r e a te  new a c t iv e  s i t e s .  The 
b r e a k - in  p er iod  not observed in  F igures 3. 4, 5i and 6 a t  
high er  r e a c t io n  tem peratures may be a scr ib ed  to  the f a s t e r  
r a te  o f  red u ction  because  o f  the  h igher tem peratures. In 
a d d it io n ,  su rfa ce  oxygen may a lso  p la y  a r o le  in  the b r e a k -in  
p e r io d  s in c e  eva cu a tion  o f  the bulk oxygen at d i f f e r e n t  tem­
p e r a tu re s  may le a v e  d i f f e r e n t  amounts o f  oxygen on th e  c a ta ­
l y s t .  Thus, when th e  r e a c t io n  i s  c a rr ie d  out at 0°C some 
o f  th e  oxygen can need to  be rep laced  by the o l e f i n  or some 
kind o f  r e a c t io n  can even occur between the  o l e f i n  and oxygen.
The d e a c t iv a t io n  p er iod  may be ascribed  to  th e  p o iso n  
by im purity  in  the r e a c ta n t ,  to  r e a c ta n t ,  to  coke, and to
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high m olecular weight p ro d u cts(3 0 ) .
I I I .  EFFECT OF SOURCES FOR SUPPORT AND PROMOTER
Fridman e t  a l .  (17) stu d ied  th e  c a t a ly s t
w ith  th e  d i f f e r e n t i a l  thermal a n a ly s is  method and concluded  
th a t  th e  rhenium must he p resen t as a t i g h t l y  hound su r fa c e  
compound, mesoperrhenate s tr u c tu r e ,  th a t  i s  therm ally  s t a b le  
in  a i r  up to  1120°K. This co n c lu s io n  was c o n s is t e n t  w ith  
LeRoy and J oh n so n 's(19) co n c lu s io n .
The p resen t  study(T able  4) in d ic a t e s  th at the  proposed  
form ation  o f  mesoperrhenate s tr u c tu r e  i s  p o s s ib le  and depends 
on th e  m a ter ia ls  fo r  th e  support and promoter. For example, 
NHj^ReO^/AlgOg, NaReO^/AlgO^, NH^ReO^/Ï3X, and NH^Re02,,/l3X(Ca) 
may form some kind o f  mesoperrhenate s tr u c tu r e  because rhenium 
l o s s  was not observed during the  h igh  temperature a c t iv a t io n .  
Therefore, the p a r t i c ip a t io n  o f  both th e  support and promoter  
to  form some mesoperrhenate s tr u c tu r e  may co n tr ib u te  to  the  
s t a b i l i t y  of th e  promoter, which a ls o  a f f e c t s  the a c t i v i t y  o f  
the c a t a l y s t .  The f a c t o r s ,  however, a f f e c t in g  the  form ation  
of  th e  mesoperrhenate s tru c tu re  are s t i l l  in  doubt, a lthough  
the  p r e se n t  study shows th at the  s u r fa c e  area and pore s i z e  
o f  th e  support may be two f a c t o r s .
In a d d it io n  to  the  mesoperrhenate s tr u c tu r e ,  s e v e r a l  
other  fa c to r s  may a f f e c t  the a c t i v i t y :
(1) According to  Sw ift and K o b y l in sk i 's  s tu d y (2 2 ) ,  
the  a d d it io n  o f  l a  and I l a  group m etal io n s  may depress the
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c a t a l y s t  a c id i ty  to  in c r e a se  the s e l e c t i v i t y  with the  c o s t  o f  
d e c re a s in g  con v ersion . The p resen t  study i s  p a r t i a l l y  con­
s i s t e n t  with the r e s u l t s  proposed hy S w ift  e t  a l . (2 2 ) ,  because  
the sodium and potassium  co n ta in in g  catalystsfNaReO^/AlgCy, 
NH2j,ReOj^/l3X, and NH£j_ReOji /^3A) have lower a c t i v i t i e s  compared 
to  th e  standard catalyst(NH^ReO^^/AlgO^). In a d d it io n , th e  
d e c re a s in g  conversion  o f  the sodium and potassium c o n ta in in g  
c a t a l y s t s  may su g g es t  th a t  the  proper amount of a c i d i t y  i s  
n e c e ssa r y  for  t h i s  r e a c t io n .  The e f f e c t  o f  Bronsted a c id  
w i l l  be d iscu ssed  l a t e r .
(2) The c a t a l y s t  has h igher a c t i v i t y  when ca lc iu m  
i s  su b s t i tu te d  fo r  sodium or potassium  w ith  the ion  exchange  
tech n iq u e . For in s ta n c e ,  NH^ReO^/3A(Ca) and NH^ReO^/l3X(Ca) 
( se e  Table 4) have h ig h er  a c t i v i t i e s  than NH^Re02j_/3A(K) and 
NH^ReOj^/l3X(Na) r e s p e c t i v e l y .  S in ce  K, Na, and Ca a l l  depress  
th e  a c id i t y ,  such r e s u l t s  may su ggest  th e  e f f e c t  o f  e l e c t r o ­
s t a t i c  f i e l d . In order to  keep th e  e le c tr o n ic  n e u t r a l i t y  
o f  th e  c a t a ly s t ,  every  Ca ion  must r ep la c e  two Na or K io n s  
and gen erate  d i f f e r e n t  e l e c t r o n s t a t i c  f i e l d s ,  which are r e s u l t  
o f  d i f f e r e n t  d i s t r ib u t io n s  of e le c t r o n s .  D if fe r e n t  e le c tr o n -  
s t a t i c  f i e l d s  may have e f f e c t  on th e  a c t i v i t y  and on th e  f o r ­
mation o f  mesoperrhenate s tr u c tu r e ,  a lthough i t  i s  not y e t  
c e r t a in .  Tung e t  a l . (61) stu d ied  th e  hexane cracking w ith  
Y typ e  z e o l i t e  and found th a t  when Na was rep laced by Ca, the  
a c t i v i t y  was b e t t e r .  They proposed th a t  t h i s  d i f f e r e n c e  was 
due to  th e  d i f f e r e n t  e l e c t r o n s t a t i c  f i e l d .  Therefore, i t
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seems t h a t  the calcium  c o n ta in in g  z e o l i t e  i s  b e t t e r  than th e  
sodium and potassium  c o n ta in in g  z e o l i t e s  when used in  both  
c ra c k in g  and m eta th es is  r e a c t io n s .
(3) Ward e t  a l . (62) s tu d ied  th e  s u r fa c e  areas o f  Y 
z e o l i t e s  w ith  d i f f e r e n t  e x te n ts  o f  io n  exchange of sodium by 
ammonium. They found t h a t  the su r fa c e  a rea  changes w ith  
d i f f e r e n t  co n ten ts  o f  sodium, although no d e f i n i t e  r e l a t i o n ­
sh ip  between sodium c o n ten t  and su r fa c e  a rea  was drawn. Thus, 
th e  c a t a l y s t  s tr u c tu r e  may be a f f e c t e d  by such ion  exchange  
and ca u se  d i f f e r e n t  a c t i v i t y  per u n i t  a r e a .
Moreover, Ward(73) found th a t  th e  a c id i t y  o f  th e  Y 
z e o l i t e  depends on th e  c a t io n  s i z e .  He concluded th a t  th e  
la r g e r  the  c a t io n  s i z e  th e  lower th e  a c i d i t y  and a c t i v i t y .  
Sin ce  th e  c a t io n  r a d i i  c f  Ca, K and Na are 0.99A, 1.33A, and 
O.95Â, the  NH|^ReO^/l3X(Ca) should have low er  a c t i v i t y  than  
NH^ReO^/l3X(Na) and th e  NH^ReO^/3A(Ca) should  have h igher  
a c t i v i t y  than NH^Re0j^/3A(K) i f  the a c i d i t y  were the  f a c t o r  
c o n t r o l l in g  the a c t i v i t y .  However, d i f f e r e n t  r e s u l t s  are seen  
in  Table 4 .  Thus, when io n  exchange i s  c a r r ie d  out f o r  zeo ­
l i t e ,  th e  a c id i t y ,  th e  d i f f e r e n t  a c t i v i t y  p e r  u n it  area , th e  
e l e c t r o n s t a t i c  f i e l d  may a f f e c t  th e  a c t i v i t y  or the form ation  
o f  mesoperrhenate s t r u c tu r e  which a f f e c t s  th e  a c t i v i t y .
(4) Lin e t  a l . (1 1 ,5 5 )  showed th a t  NH^RbO^/SiOg needed  
a h ig h er  r e a c t io n  tem perature than NHj^ReOj /^AlgO .^ Table 4  
shows t h a t  the support w ith  higher r a t io  o f  AlgO^ to  SiOg has 
a h ig h er  a c t i v i t y  when z e o l i t e  was used as support(compare
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NH^ReO^/3A(Ca) w ith  NH2j,^eOj^/l3X(Ca) ) . A ccordingly, a lthough  
a d e t a i l e d  in t e r p r e t a t io n  would be more com plicated , th e  d i f ­
f e r e n t  r a t i o  o f AlgO^ to  SiOg may be a f a c to r  fo r  th e  meta­
t h e s i s  r e a c t io n  when z e o l i t e  i s  used as support.
From th e  above d is c u s s io n s  th e  fo l lo w in g  c o n c lu s io n s  
may be drawn; (1) The presen ce  o f  sodium and potassium  have 
a n e g a t iv e  e f f e c t  on the  a c t i v i t y ;  (2 )  The a c t i v i t y  o f  th e  
c a t a l y s t  depends on th e  form ation o f  mesoperrhenate s t r u c tu r e ,  
th e  a c t i v i t y  per u n i t  area, th e  a c i d i t y ,  th e  e l e c t r o s t a t i c  
f i e l d ,  th e  r a t io  o f  Al^O^ to  S i 02 i f  z e o l i t e  i s  used as support 
and some other unknown f a c t o r s  caused by th e  a p p l ic a t io n  o f  
d i f f e r e n t  sou rces .
IV. THE EFFECT OF BRONSTED ACID
Kimura e t  a l . (23) s tu d ied  1 -b u ten e  iso m e r iz a t io n  and 
concluded th a t  both  Bronsted ac id  and Lewis ac id  co n tr ib u ted  
to  double bond iso m e r iz a t io n .  Bronsted ac id  served  as pro­
to n  donor d i r e c t ly  w h ile  the form ation  o f  a carbonium io n  was 
n e c e ssa r y  in  order to  provide proton  v i a  Lewis a c id .  H all  
e t  a l . (?4) s tu d ied  cyclopropane r e a c t io n s  over a molybdena/ 
alumina c a t a ly s t  and concluded th a t  th e  iso m e r iz a t io n  r e a c t io n  
c o r r e la te d  l i n e a r l y  w ith  the sum o f  the  c o n c en tr a t io n s  o f  
an ion  vacancy and hydroxyl group appearing as Mo-OH. However, 
th e  m eta th es is  was c o r r e la te d  w ith  anion  vacancy. Hsu 
(3 0 )  s tu d ied  the  eva cu ation  tem perature e f f e c t  on the  meta­
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t h e s i s  r e a c t io n  and concluded th a t  the anion vacancy crea ted  
by ev a cu a tio n  was p a r t i a l l y  r e sp o n s ib le  f o r  th e  r e a c t io n .  
A ccord in g ly , i t  i s  g e n e r a l ly  accepted  th a t  Lewis acid  d i r e c t l y  
c o n tr ib u te  to  the  m e ta th es is  r e a c t io n .
The p resen t  study su g g e s t s  th a t  Bronsted acid  i s  a lso  
a f a c t o r  in  th e  m eta th es is  r e a c t io n .  The r e s u l t s  during th e  
i n i t i a l  r e a c t io n  study w ith  p u ls e  techn ique show th a t  th e  
y i e l d s  are  6^ higher i f  th e  c a t a ly s t  has been p r e tr ea te d  in  
s t a t i c  COg fo r  10 h o u rs (se e  F igu res 12, 15 and Tables 5» 8,
27, 2 8 ) .
The adsorption  o f  COg on a metal ox id e  was proposed  
as f o l l o w s ( 6 9 );
0 OH
OH CO g OH G
I  I  I  I
A1 A1 GO2 .A1 _  0 (1 3 )
Thus, th e  s tr u c tu r e  o f  Bronsted acid  may be changed because  
o f  th e  ad so rp tio n  o f  COg. This s tr u c tu r e  d i f f e r e n c e  i s  the  
only  e x p la n a t io n  fo r  th e  h ig h er  y i e ld  obta in ed  with the COg 
p r e tr e a te d  c a t a l y s t .
A comparison o f  T ables 5 and 27 shows th a t  part o f  
the  adsorbed COg i s  rep la ced  by o l e f i n s  when propylene i s  i n ­
je c te d  in t o  th e  r e a c to r .  These ta b le s  a l s o  show th a t  th e
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desorbed s p e c ie s  obtained from TPD have no apparent d i f f e r e n c e .  
These o b serv a t io n s  may su ggest t h a t  th e  adsorp tion  s i t e  o f  
o l e f i n s  and th e  Bronsted ac id  s i t e  are not the same.
From th e  above d i s c u s s io n s  i t  i s  reasonable  to  say  
th a t  the in c re a se d  y i e l d  r e s u l t s  from th e  d i f f e r e n t  form of  
Bronsted a c id .  Bronsted ac id  i s  not ju s t  a f a c t o r  fo r  i s o ­
m er iza tion  but a l s o  fo r  the m e ta th e s is  r e a c t io n ,  and i t s  
e f f e c t  depends on i t s  s tr u c tu r e .  Moreover, the  m eta th es is  
r e a c t io n  i s  enhanced by Bronsted a c id  adjacent to  th e  adsorp­
t i o n  s i t e .  Otherwise the ad so rp tio n  amount o f  th e  hydro­
carbons would n o t  be th e  same when compared to th a t  obtained  
without COg p re trea tm en t. The p a r a l l e l  in crea se  o f  the y ie ld  
along the p u lse  number can su g g e s t  th a t  Bronsted a c id s  adjacent  
to  the  a d so rp tio n  s i t e  are in v o lv ed  in  both i n i t i a t i o n  and 
propagation  r e a c t io n s ,  or only  in v o lv ed  in  the  i n i t i a t i o n  re ­
a c t io n  t o  c r e a te  more chain c a r r ie r s  which cause h igh er  pro­
p agation  r a te  i f  th e  car bene mechanism i s  ap p lied .
The s p e c i f i c  po ison  o f  th e  a c t i v i t y  by NH^  may a lso  
p a r t i a l l y  prove th e  e f f e c t  o f  Lewis and Bronsted a c id s .
Because o f  th e  unshared p a ir  o f  e le c tr o n s  in  the  NH^  m olecule,  
th e  p o ison  o f  Lewis and Bronsted a c id s  by NH^  was proposed as 
f o l lo w s {69);
( L + ) g  + NH3 -------------------- ( L + - N H j ) g  ( 1 4 )
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When 67 .51  micro-gmole NH^  i s  in je c te d  in to  the rea c to r  con­
ta in in g  th e  oxygen r eg en era ted  c a t a ly s t ,  th e  a c t i v i t y  o f  me­
t a t h e s i s  i s  zero. This r e s u l t  exp la in s th e  r o le  o f  th e se  
two a c id s  in  the m e ta th e s is  r e a c t io n .
A combination o f  th e  d is c u ss io n  in  t h i s  s e c t io n  w ith  
the  source  e f f e c t  d is c u s s e d  and the K im ura's(23) study i n d i ­
c a te s  th a t  Bronsted a c id  has an e f f e c t  on both iso m e r iza t io n  
and m e ta th e s is  r e a c t io n .  In ad d ition , s in c e  water was proved  
as a p o is o n  to  the m e t a t h e s i s (30) and a p o iso n  to  Lewis a c id  
( 69) o n ly , th e  author would l i k e  to su g g e s t  th a t  Lewis a c id  
i s  th e  major fa c to r  fo r  th e  m eta th es is  and Bronsted ac id  ad­
jacent t o  Lewis ac id  may enhance the r e a c t io n  r a te .  The 
p resen t  stu dy  shows th a t  such enhancement depends on the form 
of  Bronsted acid .
V. TEMPERATURE PROGRAMMED DESORPTION STUDIES
F igures 21 and 23 show that th e  adsorbed sp e c ie s  are  
desorbed a t  d i f f e r e n t  tem peratures, so th e  o v e r a l l  c a t a ly s t  
su rfa ce  i s  en erg e tic  heterogen eou s. Otherwise only one peak  
would be observed.
F igure 22 shows th a t  m igration o f  th e  adsorbed s p e c ie s  
during th e  TPD run does occu r. This phenomenon makes the  
d e so r p tio n  process more com plicated . Table 24, corresponding  
to  F igure 22, shows th a t  th e  molecular o l e f i n s  are desorbed  
at tem peratures below 2 0 0 °C, w hile  COg i s  desorbed between 
200°G and 500°C. S in ce  th e  ca rr ie r  gas i s  oxygen f r e e  helium ,
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th e  source o f  oxygen must be th e  c a t a l y s t  i t s e l f .  A fte r  the  
r eg e n e ra t io n  o f  th e  c a ta ly s t  by f lo w  oxygen, the  oxygen can be 
r e s to r e d  on the  c a t a l y s t .
Since th e  peak maximum tem perature changes w ith  d i f f ­
ere n t  adsorp tion  amounts of o l e f in s ( T a b le  22), the  in d iv id u a l  
a d so rp tio n  s i t e  i s  a l s o  e n e r g e t ic  h e terogen eou s. Otherwise,  
th e  peak maximum temperature would be independent o f  th e  ad­
s o r p t io n  amount. I f  the a d so rp t io n  s i t e  i s  heterogen eou s,  
th e  adsorption  must s t a r t  from th e  p la c e  w ith h igh er  a c t iv a ­
t i o n  energy o f  d e so r p t io n .  Thus, th e  peak maximum temperature  
should  s h i f t  to  a  h ig h er  va lue  w ith  a low er amount o f  adsorp­
t i o n .  However, t h i s  i s  not th e  c a se  in  Table 22. This un­
expected  r e s u l t  may be explained by th e  com plicated b ind ing  
between the o l e f i n  mixture and th e  c a t a l y s t ,  s in c e  th e  theory  
o f  TPD i s  based on th e  adsorption  o f  one component. The 
c o n sta n t  v a lu es  o f  th e  peak maximum tem peratures o f  th e  fou rth  
and f i f t h  peak s(T ab le  22) are probab ly  due to the  mass t r a n s fe r  
e f f e c t  or exp erim en ta l error and th e  l a t e r  i s  more reason ab le  
s in c e  mass t r a n s f e r  e f f e c t  w i l l  be proved to be n e g l i g i b l e .
Based on th e  assumptions t h a t  d eso r p t io n  i s  f i r s t  
order, the mass t r a n s f e r  e f f e c t  i s  n e g l i g i b l e ,  a t  s te a d y  s t a t e ,
and homogeneous s u r fa c e ,  Cvetanovic e t  a l . (4?) made th e  mater­
i a l  balance o f  a s i n g l e  component and obtained two equation s  
as fo l lo w s:
21ogT^ - l o ÿ  = E^/2.303RT]^ + log (E ^ A R ) (16)
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when rea d so rp tio n  does n o t  occur during TPD and
21ogTj^ -  l o g f  = A H /2.303RTj^  + log((l-0jyj)^VgAH/FA*R) (17)
when rea d so rp tio n  occurs f r e e l y .  Where ,0 i s  th e  tem perature  
in c r e a s in g  r a te ,  i s  th e  a c t iv a t io n  energy o f  d eso r p t io n ,
AH i s  th e  heat of d e so r p t io n ,  R i s  the  u n iv e r s a l  gas c o n s ta n t ,  
F i s  th e  c a r r ie r  gas f lo w  r a t e ,  i s  th e  su r fa c e  coverage a t  
peak maximum, i s  th e  volume o f  the  c a t a l y s t  s o l i d  phase,  
and A and A are th e  p r e ex p o n e n tia l  f a c t o r s  o f  th e  d e so r p t io n  
r a te  c o n s ta n ts .
By varying th e  c a r r ie r  gas f low  r a t e  the  rea d so rp tio n  
i s  found at a lower f lo w  r a te (3 ^  m l/m in), so  only  the heat o f  
d e so r p t io n  may he o b ta in e d (s e e  Table 2 2 ) .  S ince the h e te r o ­
geneous in d iv id u a l  a d so rp t io n  s i t e  has been proven(Table 2 2 ) ,  
th e  ex a c t  va lu e  of th e  h eat o f  d eso rp tio n  can not be o b ta in ed .  
However, th e  rough average v a lu e  of the h eat o f  d eso rp t io n  
may be estim ated  fo r  t h i s  p a r t ic u la r  a d so rp tio n  s i t u a t i o n  by 
p l o t t i n g  the (2 logT^ -  l o g  |9 ) term w ith  r e s p e c t  to  l /T ^  i f  
some temperature in c r e a s in g  r a te s  are a p p l ie d .
The heats o f  d e so r p t io n  are i l l u s t r a t e d  in  Table 25 .  
U su a lly  th e  adsorption  s i t e  w ith  h igher T  ^ v a lu e  would have 
a h igh er  va lu e  of heat o f  d eso rp tio n , but th e  o p p o s ite  r e s u l t  
i s  se en  in  Table 25. This d iscrepancy  may r e s u l t s  from th e  
com p licated  read sorp tion , r e - r e a c t io n ,  and from th e  compen­
s a t io n  e f f e c t  o f  th e  p reex p o n en tia l  f a c t o r  o f  th e  d eso r p tio n  
r a te  c o n s t a n t (6? ).
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In summary, because o f  th e  com plicated ad so rp tion  
s t a t e  and d e so r p t io n  p r o c ess ,  th e  exact q u a n t i ta t iv e  data  are 
hard to  ob ta in  from th e  TPD tech n iq u e  in  t h i s  s tu d y .
VI. MASS TRANSFER EFFECT
In order t o  in te r p r è te  th e  experim ental d a ta  the  mass 
t r a n s f e r  e f f e c t  must f i r s t  be checked to  see  i f  i t  c o n tr o ls  
th e  r e a c t io n .
Lin(55) applied different particle size catalysts to 
prove that the intraparticle mass transfer effect was negli­
gible.
Hsu(30) doubled the amount o f  c a t a ly s t  at th e  same 
space v e l o c i t y  to  prove th a t  th e  in terp hase  mass t r a n s f e r  
e f f e c t  was n e g l i g i b l e .
Therefore, both the in terp h a se  and i n t r a p a r t i c l e  mass 
t r a n s fe r  e f f e c t s  are  n e g l ig i b l e  in  the f low  system k in e t ic  
stu d y . D e ta i le d  c a lc u la t io n s  to  check th e se  two mass tr a n s fe r  
e f f e c t s  fo r  the  p u ls e  technique are d iscu ssed  below
VI-(A) Interphase  Mass Transfer E f fe c t
Some a v a i la b le  data are l i s t e d  as fo l lo w s;
(1) P a r t i c l e  d ia m e te r ( i f  sp h e r ic a l  p a r t i c l e  i s  
assumed): 50 mesh or 0 .0508 cm.
(2) P o r o s i ty  o f  the c a t a ly s t :  30#.
(3) Flow r a t e  a t 25°C: 0 .5  cm^/sec or 2 .04x l0"^ gm ole /sec
or 3. OxlO"^g/sec-cm^,
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(5) V is c o s i ty  o f  propylene a t  2 5 °C: 86x10“  ^ p .
(6) C ata lyst  d e n s i ty .  0 .85  g/cm^.
Based on th e  c a lc u l a t io n  method proposed in  S a t te r ­
f i e l d ' s  book(72), th e  bed th ic k n ess  req u ired  when in terp h a se  
mass t r a n s f e r  e f f e c t  c o n tr o ls  the  r e a c t io n  may be c a lc u la te d  
as fo l lo w s:
The d i f f u s io n  f lu x  i s
N = kg(Po - Ps> = kc'Co - Cg) (1 8)
where k C=) gm ole/sec-cm ^-atm , k =k / (R T ),  p and p are th e  6 g e o s
p a r t i a l  p ressu res  o f  th e  r e a c ta n t  in  th e  gas phase and on th e  
c a t a l y s t  su r fa ce ,  and and are th e  co n cen tra t io n s  o f th e  
r e a c ta n t  in  th e  gas phase and on the c a t a l y s t  su r fa c e .
The fa c to r  jg  i s  d e f in e d  as
jp = kgPSc^/3/%  (19)
where P i s  the  t o t a l  p r e s su r e ,  Sc i s  th e  Schmidt number, and
Gjyj C=) g m o le /se c - 2cm
An em pirical e x p r ess io n  of was proposed as
Jd = 0.357 /  0<ReO'359) (20)
where oi i s  th e  p o r o s i ty  o f  th e  c a t a ly s t .
I f  steady  s t a t e  may be assumed and th e  o v e r a l l  r e a c ­
t io n  i s  c o n tr o l le d  by in terp h a se  mass t r a n s f e r ,  the mole f r a c ­
t io n s  o f  th e  reactan t a t  th e  i n l e t  and o u t l e t  o f  the bed have  
a r e la t io n s h ip  which may be w r itte n  as
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InfY^/Yg) = (kgaPz)/G^ (21)
where Y^  and Yg are the  mole f r a c t i o n s  at i n l e t  and o u t le t  o f  
th e  hed, a i s  th e  su r fa c e  area  per  u n it  volume, and z i s  the  
"bed th ic k n e s s .
The Reynolds number may be c a lc u la ted  as
Re=DG/u = ( 0 . 0 5 0 8 ) x ( 3 x 1 0 * ^ ) / ( 8 6 x 1 0 ” , ^ ) = 0 . 1 7 7 2  ( 2 2 )
and the fa c t o r  jg  may be c a lc u la te d  from eq u ation (20)
= 0 . 3 5 7  /  ( 0 . 3 x 0 . 1 7 7 2 ° - 3 3 9 )  = 2 . 2 1 5  ( 2 3 )
The é/K v a lu e s  for  helium  and propylene are 1 0 . 2 2  and 
2 9 8 . 9 . The o- v a lu e s  for  helium  and propylene are 2 . 5 5 1  and 
4 . 678 . Therefore
+ c;"g) /2  = 3 . 6 1 4  a n d
^AB = = 5 5 . 2 7 .
Moreover, th e  va lu e  o f  KT/£^g a t  25°C i s  5 .37 , which g iv es  
a va lue  o f  0 .8311  to  the c o l l i s i o n  in te g r a l  n .  Then the  
d i f f u s io n  c o e f f i c i e n t  can be c a la u la te d  as
= 0 . 0 0 l 8 5 8 T ^ * ^ ( ( M ^ + M g ) / ( M ^ M g ) ) ° * V P 0 - ^ i l  ( 2 4 )
= 0 .458  cm^/sec
and
°A B ,e ff  " ^AB^"" 0 .153  cm V sec (2 5 )
The d e n s ity  o f propylene in  the gas phase i s  c a lc u la te d
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as
p  = PM/RT = 1 .7 1 7  X 10“  ^ ë /cw? .  ( 2 6 )
The Schmidt number i s  c a lc u la te d  as
Sc = > « /P D A B ,e ff  =0-327 (27)
By s u b s t i t u t in g  equations 23, 27 , and the f lo w  r a te
in to  equ ation  19 , the  may be obta ined  as 3 . 333xlO"3 g m o le /
2  ^sec-cm  -atm.
S ince  the  s u r fa c e  area o f  th e  c a t a l y s t  i s  known as  
about 1 0 0  m V g ,  th e  s u r fa c e  area per u n i t  volume i s  about 
85 m^/cm3. By s u b s t i t u t i n g  k^, a, and f lo w  r a te  in to  equa­
t io n  ( 2 1 ) and assuming 30^ conversion , th e  bed th ic k n ess  may
_ Q
be est im a ted  as about 8 .84x10" cm.
The r a t io  o f  th e  a c tu a l bed t h i c k n e s s (0 .2  cm) to  th e  
th ic k n e s s  c a lc u la te d  h ere  i s  about 2 . 26x 10 .
S a t t e r f i e l d  s t a t e d  th a t  when th e  r a t i o  of a c tu a l  bed 
th ic k n e s s  to  the  c a lc u la t e d  th ic k n ess  i s  la r g e r  than 100, th e  
c o n c en tr a t io n  d i f f e r e n c e  between th e  gas phase and c a t a l y s t  
su r fa c e  i s  n e g l i g i b l e .  In the p r e se n t  case  th e  r a t io  i s  
2 . 26x 10^, so th e  o v e r a l l  r e a c t io n  i s  not c o n tr o l le d  by i n t e r ­
phase mass t r a n s fe r .
VI-(B) I n t r a p a r t ic le  Mass Transfer E f f e c t
Some a v a i la b le  d a ta  are l i s t e d  as fo l lo w s;
(1) A ll  th e  a v a i la b le  data  in  l a s t  s e c t io n .
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(2) T o r tu o s ity  f a c t o r ( i f  c y l in d r ic a l  pore i s  assumed) 
i s  3 . 0 .
The i n t r a p a r t i c l e  mass t r a n s f e r  e f f e c t  may be checked 
from th e  e f f e c t i v e n e s s  fa c t o r ,  which i s  a fu n c t io n  o f  th e  
T h ie le  modulus.
For a s p h e r ic a l  p a r t i c l e ,  th e  T h ie le  modulus i s  de­
f in e d  as
(28)
where k^ i s  the i n t r i n s i c  r e a c t io n  r a t e  constan t per  u n it  
volume, f  i s  th e  p a r t i c l e  ra d iu s , i s  the c a t a l y s t  su rface  
co n c en tr a t io n , and i s  th e  e f f e c t i v e  d i f f u s io n  c o e f f i ­
c i e n t .  For a s p h e r ic a l  p a r t i c l e ,  th e  e f f e c t iv e n e s s  f a c t o r  
i s  d e f in ed  as
= r e a l  r a t e / i n t r i n s i c  r a te
=  ( 3 / ( f ) g ) ( l / t a n h ( ^ g  -  l / ÿ ^ )  ( 2 9 )
where th e  i n t r i n s i c  r a te  i s  the r a te  without d i f f u s io n a l  
e f f e c t .
The k^, however, i s  u s u a l ly  hard to  o b ta in  so  S a t t e r ­
f i e l d  proposed a new d im en sion less  r e la t io n s h ip  f o r  th e  T h ie le  
modulus as
where r  i s  the  r a d iu s  o f  the p a r t i c l e ,  and i s  th e  volume 
o f  th e  c a ta ly s t  per  u n it  mass.
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From da ta  obta in ed  in  the  l a s t  s e c t io n ,  the d i f f u s i o n  
c o e f f i c i e n t  i s  0 .458  cm ^/sec. When th e  Knudsen e f f e c t  i s  
not im portant, then
°AB e f f  " = 0 . 458x 0 . 3/ 3 .0  = 0.0458 cm^/sec
(31)
When th e  Knudsen e f f e c t  predom inates, then
% , e f f  = 19400 (ocVtS/’)(T/M) (32)
= 1 .8 2 x 1 0 “  ^ cm^/sec
where ' t  i s  the t o r t u o s i t y  fa c t o r ,  S i s  th e  su rfa ce  a rea  cm^/g. 
The o v e r a l l  d i f f u s i o n  c o e f f i c i e n t  i s  th e  combination o f  th e  
two c o e f f i c i e n t s  above and i s  expressed  as
1 1 . 1
° e f f  ^ A B ,eff  ° K ,e f f
Thus, i s  c a lc u la t e d  as 1 .75x10”  ^ cm ^/sec.
I f  30^ co n v ers io n  i s  assumed, th e  co n cen tra tio n s  o f  
th e  r e a c ta n t  a t i n l e t  and o u t le t  may be c a lc u la te d  from th e  
id e a l  gas law and th e  average va lu e  taken  as 3.485x10"-^ gm ole /  
cmP. The p a ren th eses  term in  eq u ation  (30) may be c a lc u la t e d
(33)
as
- ÏÏ? = M o  X X 0 .3  X = 1.12x10"V o l e / s e c /
cm-
By s u b s t i t u t in g  r (0 .0 2 5 4  cm), Dg^^(l.75xlO“^ c m ^ /se c ) , 
C g(3 .485x10"^ gmole/cm^), and the  p a ren th eses  term in to  equa- 
t i o n ( 3 0 ) ,  the  T h ie le  modulus i s  ob ta in ed  as 0 .1 2 .  From the
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a ttach ed  f ig u r e s  (7 2 ) ,  the e f fe c t iv e n e ss  fa c to r  corresponding  
to  t h i s  T h ie le  modulus i s  seen as a lm ost equal to  u n i ty ,  so  
th e  in t r a p a r t ic l e  mass tnssfer  e f f e c t  may be n e g le c te d .
VII. REACTION MECHANISM
Since th e  in terp ia e  and i n t r a p a r t ic l e  mass t r a n s f e r  
e f f e c t  are proven n eg lig ff ls  in  th e  l a s t  s e c t io n ,  th e s e  e f f e c t s  
w i l l  not a l t e r  th e  fo l lo iÊ ç  d i s c u s s io n  o f  the  mechanism and 
o th er  in t e r p r e t a t io n  o f  t i  experim ental r e s u l t s .
V II-(A)
The r a t i o  o f  TB2 1s CB2 changes with r e a c t io n  time at  
0°C r e a c t io n  tem perature(lgure 2 ) ,  but a constant v a lu e  i s  
obta ined  from th e  p u ls e  tamnique(Figure 1 5 ) .  This constant  
v a lu e  i s  c lo s e  to  th e  mazmm value  in  Figure 2 . The above 
d i f f e r e n c e  can su g g e s t  tW  CB2 i s  th e  i n i t i a l  product and 
th e  production  o f  TB2 folW s the  c i s - t r a n s  iso m e r iz a t io n  
a c t i v i t y .  This i s o m e r i^ o n  a c t i v i t y  can be a f f e c t e d  by 
s t e r i c  e f f e c t  and i s  a furtion o f  CB2 con cen tra tio n  because  
th e  TB2/CB2 in c r e a s e s  wiHtime to  reach  a maximum v a lu e  in  
th e  f lo w  system s tu d y . hs r a t i o  o f  TB2/CB2 i s  always l e s s  
than equilibrium  v a l u e ( e .5 3 .92  a t  0®C) fo r  both f lo w  and 
p u ls e  s tu d ie s  i s  a f a c t  again su g g e s ts  th a t  CB2 i s  the  
i n i t i a l  product.
The 1-B i s  observe at every p u lse  in  the  p u ls e  study,
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but not observed in  th e  f lo w  system study u n t i l  203°C. This  
d i f f e r e n c e  su gg ests  th e  p o s s ib le  s t e r i c  e f f e c t  fo r  th e  produc­
t i o n  o f  1-B in  a d d it io n  to  the  t h e o r e t i c a l l y  small eq u il ib r iu m  
amount, which i s  due to  th e  high su rface  co n cen tra tion  i n  th e  
f lo w  s tu d y .
The in d u ction  p er io d  of TB2/CB2 a t  0°C in  th e  f lo w  
system  stu dy  i s  not observed at h igher r e a c t io n  tem p eratures .  
This f a c t  may in d ic a te  th a t  the s t e r i c  e f f e c t  i s  p a r t i a l l y  
overcome by higher tem perature or the su r fa c e  co n c en tr a t io n  
o f  CB2 in c r e a se s  w ith  in c r e a s in g  tem perature. Furthermore, 
the  r a t i o  o f  TB2/CB2 i s  a fu n c t io n  o f  r e a c t io n  tem perature  
which i s  caused by thermodynamic c o n s tr a in t .  The h igh er  the  
r e a c t io n  temperature th e  more CB2 produced, so TB2/CB2 d e­
c r e a s e s  w ith  in c r e a s in g  r e a c t io n  tem perature. The d e c re a s in g  
v a lu e  o f  TB2/CB2 with r e s p e c t  to  the r e a c t io n  time a t  203°C 
i s  due to  the  s t e r i c  e f f e c t  r e s u l t in g  from the adsorp tion  o f  
high  m olecu lar  weight product or coke. This r e s u l t  can again  
su g g e s t  th a t  CB2 i s  th e  i n i t i a l  product.
V II-(B )
The r a t io  o f  E/B i s  h igher than u n i ty  at 0°C at th e  
b eg in n in g  in  the f low  stu dy , then d ecrea ses  to  a co n sta n t  
v a lu e  sm a ller  than u n ity (F ig u r e  2 ) .  This decrease i s  l e s s  
obvious w ith  in c r e a s in g  r e a c t io n  tem perature(F igures 3 , 4 ,  5,  
and 6 ) .  The high v a lu e  o f  E/B a t  the beginn ing i s  a l s o
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observed  in  the  p u l s e  study a t  both  0°C and 25°C(Pigures 12 
and 1 5 ) .  Two p o s s i b l e  reasons f o r  th e  h igh  E/b v a lu e  a t  the  
b eg in n in g  are th e  fo l lo w in g :  (1) more B i s  adsorbed on th e  
c a t a l y s t ;  (2) th e  p ro d u ction  of E and B fo l lo w  d i f f e r e n t  ro u tes ,  
Ethylene adsorbs only s l i g h t l y  on th e  c a t a l y s t ,  but 
bu ten es adsorb more r e a d i ly .  T herefore, th e  high r a t i o  o f  
e /b  may be caused by th e  d i f f e r e n t  a d sorp tion  a b i l i t y  o f  
e th y le n e  and b u ten es .  However, th e  one p u lse  s tu d ie s (T a b le  
14, and 15) show th a t  th e  r a t io  o f  E to  B i s  between 1 .5  and 
2 .0  when c o n s id er in g  th e  adsorbed s p e c ie s  a l l  t o g e th e r .  
A ccordingly , i t  i s  u n l ik e ly  th a t  th e  h igh  r a t io  a t  th e  b e g in ­
n in g  i s  due to  d i f f e r e n t  adsorp tion  a b i l i t y .  Burwe11 J r .  
et  a l . (58) obtained th e  same r e s u l t  o f  th e  r a t io  o f  E/B u s in g  
Mo(C0)^/A120^ as c a t a l y s t .  The r e a c t io n  was ca rr ie d  out at 
5 3 °G w ith  p u lse  tec h n iq u e , and th e  E/B d ecreases  from 2 .5  of  
th e  f i r s t  p u lse  to  1 .0  o f  the th ir d  p u l s e .  Furthermore, 
th e y  proposed a mechanism fo r  g e n e ra t in g  carbene as
Mo + CH2=CH-CH^ =- Mo CHg ------ = -  Mo=CH2 + CH2=CH2
The e f f e c t  o f  th e  c a r r ie r  gas f lo w  r a te  on th e  p ro ­
d u c t io n  o f  E and TB2(Figure 12 v s .  F igure 14 and F igure 15 
v s .  F igure I 6 ) , in d ic a t e s  th a t  th e  p rod u ction  of E i s  much 
more s e n s i t i v e  to  th e  f lo w  r a te  than t h a t  o f  TB2. This f low  
r a t e  e f f e c t ,  a long  w ith  th e  d i f f e r e n t  shapes of th e  E and TB2
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cu rv es , su ggest  th a t  th e  p rodu ction  of E and TB2 f o l lo w  d i f ­
fe r e n t  r o u te s .
S ince  the  p ro d u ct io n  o f  TB2 i s  n o t  s e n s i t i v e  to  th e  
c a r r ie r  gas f lo w  r a te (F ig u r e s  12, 14, 15 , and 16 ) ,  a c r i t i c a l  
a c t i v e  s i t e  co n cen tra t io n  f o r  the  prod u ction  o f  TB2 can e x i s t  
(can a l s o  e x i s t  fo r  CB2 and 1 -B ). When th e  a c t iv e  s i t e  con­
c e n tr a t io n  fo r  the p ro d u ct io n  of TB2 i s  l e s s  than the  c r i t i c a l  
v a lu e ,  th e  production  o f  TB2 i s  not a f f e c t e d  by the  c a r r ie r  
gas f lo w  r a t e .  The p rod u ctio n  o f  TB2 w ith  r e sp ec t  to  th e  
a c t i v e  s i t e  c o n c en tr a t io n  may be i l l u s t r a t e d  by th e  fo l lo w in g  
f ig u r e ;
CVJmEH
I c r i t i c a l  v a lu e
a c t iv e  s i t e  co n cen tra t io n
F ig . 26 I l l u s t r a t i o n  of th e  c r i t i c a l  a c t iv e  
s i t e  co n cen tra t io n  in  th e  TB2 
p ro d u ction
The value  o f  E/B in  the p u lse  s tu d y (F ig u res  12, 14, 
15 , and 16) i s  h igher than th a t  in  the f lo w  system study  
(F igu re  2 and 3 ) .  This f a c t  may be ex p la in ed  by th e  fu r th e r  
r e a c t io n  o f  E in  th e  f lo w  study because o f  the  high s u r fa c e
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c o n c e n tr a t io n  on th e  c a t a l y s t ,  a lthough  th e  exact nature  o f  
t h i s  r e a c t io n  i s  n o t y e t  known.
The i r r e g u la r  shape o f  th e  e th y len e  production  curve  
in  th e  p u lse  s tu d y (F ig u res  12, 14, 15, and 16) can he i n t e r ­
p r e te d  u s in g  the  fo l lo w in g  fa c t o r s :  (1) Some kind of a c t i v e  
s i t e  i s  generated a f t e r  the oxygen reg e n e ra t io n . This a c t iv e  
s i t e  b e t t e r  f i t s  th e  produ ction  o f  e th y len e;  (2) Some su rfa ce  
oxygen may be r e p la c e d  by o l e f i n s  upon th e  in j e c t io n  o f  th e  
r e a c ta n t .  This replacem ent depends on th e  temperature; (3) 
The c a t a ly s t  i s  reduced by o l e f i n s  to  generate  new a c t iv e  
s i t e s ;  (4) The ad so rp tio n  o f  CO^  may change the form o f  
Bronsted ac id  to  enhance c a t a l y s t  a c t i v i t y  w hile  r e ta r d in g  
th e  r ed u c tio n  p r o c e ss  o f  the c a t a l y s t  by o le f in s ;  (5) The 
produced e th y len e  may undergo fu r th e r  rea ction ;  (6) The a c t iv e  
s i t e s  generated  by th e  red u ction  o f  th e  c a ta ly s t  w ith  o l e f i n s  
superimpose on th e  o r ig in a l  a c t iv e  s i t e s  generated by oxygen 
a c t i v a t i o n  and i s  i l l u s t r a t e d  in  th e  fo l lo w in g  f ig u r e :
y d U e  to  red uction
•H
•H
o r ig in a l
p u ls e  number (a r b i t r a r y  s c a le )
F ig . 27 The su p er im p os it io n  o f  a c t iv e  s i t e s  produced 
by oxygen r e g e n e r a t io n  and o l e f i n  r ed u c tio n
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The e th y len e  p ro d u ctio n  curve in  F igure 12 demons­
t r a t e s  th e  super im p o s it io n  o f  the  o r ig in a l  a c t iv e  s i t e s  and 
th e  a c t i v e  s i t e s  gen erated  hy r ed u c tio n . The E a t  the  second  
p u lse  i s  l e s s  than th a t  o f  the  f i r s t  p u ls e  because the  a c t i v e  
s i t e s  generated  by r e d u c t io n  can not make up fo r  the  comsump- 
t i o n  o f  th e  o r ig in a l  a c t i v e  s i t e s  in  t im e . A fter  the  red u c­
t io n  i s  completed, the  E in c r e a s e s ( p u ls e s  3,  4, and 5 o f  th e  
E curve in  Figure 1 2 ) .  A comparison o f  th e  E curve in  F igu res  
12 and 14 shows th a t  th e  E produced d e c re a ses  again  at th e  
fou rth  and f i f t h  p u ls e s  i n  Figure 14 . This decrease  can be 
ascr ib ed  to  the  fu r th e r  r e a c t io n  o f  E because of th e  slow  
f low  r a t e .  The d ecrea se  o f  E does not in d ic a te  the  de­
a c t i v a t i o n  of the  c a t a l y s t  because th e  TB2 curve does not  
show a d ecrea se .
Since the  a d so rp t io n  o f  COg may change the s tr u c tu r e  
o f  Bronsted acid  to  in c r e a s e  the a c t i v i t y ,  both th e  amount 
of  E and TB2 produced in c r e a s e  with CO^  p re trea ted  c a t a l y s t  
as seen  in  Figure 12 . However, the  second maximum o f  th e  E 
curve s h i f t s  to  th e  fo u r th  p u lse ,  which may be a t tr ib u te d  to  
th e  s low er  red u ctio n  r a te  because o f  th e  adsorption  o f  COg.
The TB2 curve, u n l ik e  the  i r r e g u la r  shape o f  the  E 
curve, i s  a smooth curve in  F igures 12 and 14 and i s  probably  
due to  th e  e x is te n c e  o f  th e  c r i t i c a l  v a lu e  o f  the  a c t iv e  s i t e  
co n cen tra t io n  fo r  producing TB2. S in ce  E predominates over  
TB2 at th e  beginning, th e  carbene mechanism more reason ab ly  
d e sc r ib e s  the r e a c t io n  a t  th e  beg inn in g . A carbene, l e f t  on
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th e  c a t a l y s t  a f t e r  producing E, may he r e sp o n s ib le  f o r  p ro ­
d u cin g  TB2, T herefore, th e  accumulated amount o f  carbene  
and th e  c r i t i c a l  v a lu e  o f  a c t iv e  s i t e  co n cen tra tion  produce  
a smooth curve fo r  TB2.
The E curves in  F igures 15 and l 6  are s im ila r  to  th o se  
in  F ig u re s  12 and 14 r e s p e c t i v e l y .  The major d i f f e r e n c e  i s  
in  t h e  f i r s t  p u ls e .  I t  i s  b e l ie v e d  th a t  the  pumping o f  bulk  
phase  oxygen before  in tr o d u c in g  the c a r r ie r  gas l e a v e s  d i f f e r ­
ent amount of oxygen on th e  c a t a ly s t  i f  th e  oxygen i s  pumped 
at d i f f e r e n t  tem peratures, and the low er th e  temperature th e  
more oxygen l e f t .  Thus, i f  the r e a c t io n  i s  carr ied  out a t  
0°C, some p o r tio n  o f  th e  f i r s t  p u lse  w i l l  be spent in  r e p la c ­
ing  c e r t a in  types o f  su r fa c e  oxygen as compared with the f i r s t  
p u l s e  at 25°C. Such replacem ent causes th e  low production  o f  
E a t  th e  f i r s t  p u lse  when th e  r e a c t io n  i s  carr ied  out a t  0°C. 
A fte r  th e  f i r s t  p u l s e ,  th e  shapes o f  th e  E curves are s im i la r  
to  th o s e  in  F igures 12 and 1 4 ( e s p e c i a l ly  a t  slow f low  r a t e )  
and may be expla ined as d iscu sse d  in  th e  l a s t  paragraph.
The su p er im p osition  e f f e c t  i s  not c le a r  in  Figure 15 because  
o f  t h e  low a c t i v i t y  a t  low temperature and high f low  r a te ,  
which le a v e s  some o r ig in a l  a c t iv e  s i t e s  f o r  the th ir d  p u l s e .  
T h erefore , the amount o f  E produced a t  th e  th ird  p u lse  does  
not drop sharp ly . In  c o n tr a s t  to  F igu re  15, Figure 16 i s  
th e  r e s u l t  of a s low er  f lo w  r a te ,s o  more o r ig in a l  a c t iv e  s i t e s  
are sp en t a t the second p u ls e  causing  a sharp drop o f  th e  E 
curve a t  the  th ir d  p u l s e .  Moreover, th e  slower f lo w  r a te
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ca u se s  fu r th e r  r e a c t io n  o f  th e  produced E o f  the f i f t h  p u l s e .  
V II-(C )
Based on th e  t r a n s a lk y l id e n a t io n  ty p e  r e a c t io n ,  th r e e  
r e a c t io n  mechanisms were proposed(2 9 ) : p a ir w ise  co n cer ted ,  
p a ir w is e  nonconcerted , and carbene. Furthermore, based on 
th e  t r a n s a lk y l id e n a t io n  type r e a c t io n ,  fo u r  k in e t ic  models  
were p r o p o sed (3 1 ): t h e  R ideal model, th e  Langmuir-Hinshelwood 
one s i t e  model, th e  Langmuir-Hinshelwood two s i t e  model, and 
th e  carbene complex model.
Begley and W ilson(36) t e s t e d  t h e s e  models w ith  e x p e r i­
m ental data  and concluded th a t  the  R id ea l model d escr ib ed  
t h e i r  data  b e t te r  th an  the o th e rs .  However, W ills  e t  a l . (  
3 7 , 3 8 ) concluded t h a t  the Langmuir-Hinshelwood two s i t e  model 
d e sc r ib ed  t h e i r  d a ta  b e s t .
When p rop y len e  i s  used as a r e a c ta n t ,  the amounts o f  
produced e th y len e  and butenes should be equal i f  th e  r e a c t io n  
f o l lo w s  any one o f  th e  R ideal, Langmuir-Hinshelwood one s i t e ,  
or Langmuir-Hinshelwood two s i t e  m odels. I f  the  r e a c t io n  
f o l lo w s  the carbene mechanism, th e  e th y le n e  and butenes do 
n ot have to  be e q u a l.  Although W ilson e t  a l . (3 6 ) and W ills  
e t  a l . (3 7 . 3 8 ) c o r r e la te d  t h e i r  k in e t i c  d a ta  with R ideal and 
Langmuir-Hinshelwood two s i t e  models r e s p e c t i v e l y ,  i t  seems 
t h a t  th ey  missed th e  i n i t i a t i o n  s tep  i f  th e  r e a c t io n  fo l lo w s  
th e  carbene mechanism and t h i s  s tep  i s  a f a s t  r e a c t io n .
In the  p r e se n t  work, the stu dy  u s in g  p u lse  tech n iq u e
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shows th a t  the r a t i o  o f  E to  B i s  between 1 .5  and 2 . 0 (Table  
14, 15 and l6 )  in  th e  f i r s t  p u ls e ,  which su g g es ts  th e  e x i s ­
te n c e  o f  an i n i t i a t i o n  s tep  which does not fo l lo w  th e  R id ea l  
model or the  Langmuir-Hinshelwood m odels.
Further ev id en ce  fo r  t h i s  f a c t  i s  obtained from th e  
su r fa c e  t i t r a t i o n  s tu d y . This stu dy  proves th a t  th e  r e a c ­
t i o n  proposed by Rooney e t  a l . (57) i s  not q u ite  r i g h t .
The r e v e r s e  r e a c t io n  can not occur because  some s p e c ie s  are  
taken  away from th e  c a t a l y s t  su r fa ce  when an e th y len e  p u l s e  
i s  in je c te d (T a b le  1 8 ) ,  which i s  in  c o n tr a s t  to what Rooney 
e t  a l . (57) had proposed . Moreover, t h i s  rev erse  r e a c t io n  
i s  n o t  thermodynam ically a llow ed . Because the Gibbs f r e e  energy  
o f  form ation  of E and P are 16 .282  K cal/m ole  and 14 .99  K c a l /  
m ole(75) r e s p e c t i v e l y ,  which cause a Gibbs fr e e  energy change  
o f  6 .2 9  Kcal per mole E produced and an equilibrium  c o n sta n t  
o f  2.4-xlO"-^. T h erefore , the  high E/B va lu e  i s  not due to  
th e  p rod u ction  o f  t h r e e  moles E from two moles P.
The su rfa ce  t i t r a t i o n  study a l s o  r e s u l te d  in  two i n ­
t e r e s t i n g  r e la t io n s h ip s :  (1) the  number o f  moles o f e th y le n e  
consumed i s  equal to  th e  number o f  m oles o f  propylene and 
b u ten es produced; (2 )  one tim es th e  number o f  moles o f  propy­
le n e  p lu s  two tim es th e  number o f  m oles o f  butenes i s  approx­
im a te ly  equal to  th e  number o f  carbon atoms taken out o f  th e  
c a t a l y s t .  These r e la t io n s h ip s  imply th e  carbene mechanism, 
which i s  i l l u s t r a t e d  as
C—C + M=C—C C=C-C + M=C (34)
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C=C + M=C-C-C -----------=— C-C=C-C + M=C (35)
However, other p o s s i b i l i t i e s  can not be excluded without  
d i r e c t  ev idence fo r  t h e s e  r e a c t io n s .  The in j e c t io n  o f  th e  
p rop y len e  p u lse  fo l lo w in g  th e  su rfa ce  t i t r a t i o n  produces more 
e th y le n e  than i t  should (p u lse  7 o f  Table 19 v s .  p u lse  2 o f  
Table 5 and p u lse  10 o f  Table 20 v s .  p u l s e  3 o f  Table 8 ) ,
This f a c t  may p a r t i a l l y  prove the e x i s t e n c e  o f  M=C on the  
c a t a l y s t  a f t e r  su r fa c e  t i t r a t i o n .
Figure 24 shows th e  TPD a f t e r  th e  in j e c t io n  o f  fou r  
p u ls e s  o f  propylene and fo llow ed  by th e  f i f t h  p u lse  i n j e c t i o n  
o f  p ro p y len e . The p rod u ction s o f  E and TB2 o f  the  f i f t h  
p u ls e  are in  o p p o s ite  d ir e c t io n s ,  i . e . ,  E in c r e a se s  w h ile  TB2 
d e c r e a s e s .  -This i n t e r e s t i n g  r e s u l t  can again  su ggest th a t  
th e  produ ction s o f  E and TB2 fo l lo w  d i f f e r e n t  rou tes  and some 
kind o f  m ater ia l l e f t  on the  c a t a ly s t  a f t e r  TPD promotes th e  
p ro d u ctio n  o f  E. Probably, t h i s  l e f t  over m ater ia l i s  M=C.
TB2 i s  a lso  used as the r e a c ta n t  and the  r e s u l t  shows 
t h a t  th e  major product i s  propylene . This f a c t  i s  p o s s ib l e  
i f  th e  iso m e r iz a t io n  r e a c t io n  occurs f i r s t  to  produce 1-B, 
fo l lo w e d  by the m e ta th e s is  r e a c t io n  which occurs between 1-B  
and TB2 or CB2. However, i f  t h i s  assum ption i s  c o r r e c t ,  th e  
amount o f  propylene and pentene produced should be equal, but 
t h i s  p r e d ic te d  r e s u l t  i s  not observed(Table  12 and 1 3 ) .  
T h erefore , the r e a c t io n  must fo l lo w  another mechanism a lthough  
i t  i s  n o t y e t  c e r ta in .
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The above d i s c u s s io n s  in d ic a t e  th a t  the  m eta th es is  
r e a c t io n  i s  b e t t e r  d e sc r ib ed  by the carbene mechanism, a lthough  
th e  mechanism fo r  producing carbene i s  s t i l l  in  doubt.
Rooney e t  a l . (35) proposed such a mechanism, when 
m etal hydride i s  in v o lv e d ,  as
H,C=CH-CHo H.C-CH,-CHo HC-CH^-CH-
I  ^ Z I  ^ II  ^ 3 (3 6 )
M-H M M-H
Shmidt e t  a l . (7 6 ) s tu d ie d  th e  m eta th es is  w ith  Tungsten-Alumina  






.0, I .  _  ^  .0, I "
A l'^  " CH2=CH-CH3 _ ------  \
P 3 OH
A1 M"—  CH Z''~~ L * (38)\  A1 \
CH^  ^^3
The Bronsted a c id  adjacent to  th e  a c t iv e  s i t e  i s  
n e c essa ry  fo r  both o f  th e s e  two mechanisms. The p r e sen t
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work shows such e f f e c t  hy p r e tr e a t in g  the  c a ta ly s t  w ith  COg. 
Therefore, c o n s i s t e n t  c o n c lu s io n s  have been obtained r e g a r ­
d ing  th e  importance o f  th e  Bronsted a c id  to  the r e a c t io n .
According to  th e  i n i t i a t i o n  s te p  proposed by Burwell 
e t  a l .  (58) ( se e  page 1 3 1 ) ,  E i s  th e  major i n i t i a l  product and 
a carbene (M=C) i s  l e f t  on c a t a l y s t .  The r e a c t io n  o f  P w ith  
M=C produces E and M=C-C, and next r e a c t io n  of P w ith  M=G-C 
produces B and M=C. Thus, the p ro d u ction s of M=C-C and M=C 
are in  a c y c l i c  p r o c e ss  and may e x p la in  the u n ity  o f  E/B a f t e r  
a lo n g  r e a c t io n  tim e in  the flow  stu d y . The author would 
l i k e  to  su ggest  th a t  Bronsted a c id  i s  involved in  the  i n i t i a ­
t i o n  s te p  in  a d d it io n  to  what Burwell e t  a l . (58) proposed .
The o ther  two mechanisms can not ex p la in  the  product  
co n c en tr a t io n s  obta ined  in  the p r e sen t  work, because th e  major 
produ cts  should be butenes and p en ten es  i f  the i n i t i a t i o n  
s te p  fo l lo w s  th e  mechanism proposed by Rooney; and th e  i n i t i a l  
product should be i so -p e n te n e  and iso -b u ten e  i f  the  i n i t i a t i o n  
s te p  obeys the  mechanism proposed by Shmidt et a l .  Never­
t h e l e s s ,  without d i r e c t  evidence the  mechanism g e n e ra t in g  
carbene as chain  c a r r ie r  i s  s t i l l  in  doubt although Boelhouwer 
e t  a l . (64) observed methylene from IR a f t e r  8^20^/^120^ was 
co n ta cted  w ith butene.
Comparing th e  r e s u l t  in  th e  p r e sen t  work and th e  i n i ­
t i a t i o n  mechanisms proposed by Burwell e t  a l . (58 ) ,  Rooney et  
a l . (3 5 ) ,  and Shmidt e t  a l . ( ? 6 ) ,  th e  author would l i k e  to  
su g g e s t  that the  mechanism proposed by Burwell e t  a l . (58)
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alon g  w ith  the Bronsted a c id  e f f e c t  i s  a  reason ab le  one,
V III . DETERMINATION OF KINETIC PARAMETERS FROM PULSE STUDY
Although i t  i s  d i f f i c u l t  to  o b ta in  k in e t i c  param eters  
from p u l s e  study, i t  i s  p o s s ib l e  to s o lv e  some s im p l i f ie d  
c a s e s .  This s e c t io n  d i s c u s s e s  a s im p l i f i e d  case  w ith th e  
f o l lo w in g  assumptions:
(1) Mass t r a n s f e r  e f f e c t s  are n e g l i g i b l e .
(2) The a x i a l  d i s p e r s io n  i s  n e g l i g i b l e ,
(3) The a d so rp t io n  isotherm  i s  a l in e a r  isotherm .
(4) The a d so rp tio n  reaches eq u il ib r iu m  r a p id ly .
(5) The r e a c t io n  r a te  i s  c o n t r o l le d  by the su r fa c e  
r e a c t io n .
(6) The r e a c t io n  i s  f i r s t  order and i r r e v e r s ib l e  w ith  
r esp ec t  to  th e  rea c ta n t  c o n c e n tr a t io n .
(7) The p u ls e  i s  a d e l t a  fu n c t io n .
The m ater ia l  ba lan ce  of the  r e a c ta n t  A on the c a t a ­
l y s t  su r fa c e  i s  d er iv ed  as
(l_cc) (39)
where i s  the p o r o s i t y ,  q^ i s  th e  c o n c en tr a t io n  of r e a c ta n t  
A per u n i t  volume o f  th e  s o l i d ,  R^  i s  t h e  r e a c t io n  r a te ,  and 
i s  th e  ra te  o f  n et  inp ut o f  A to  the s o l i d  phase.
The m ater ia l  ba lan ce  o f  the  r e a c ta n t  A in  th e  gas  
phase i s  derived as
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aC;, a c
V ■ ^ + Q, = 0 (40)a x  a t  A
where v i s  th e  c a r r ie r  gas f lo w  r a t e ,  x i s  the a x i a l  d i r e c t io n  
o f  th e  c a t a ly s t  bed.
Since th e  a d sorp tion  isotherm  i s  l in e a r ,  may be 
w r i t t e n  as
= V a  - %A %A = ^A (^A -
6 Q 8
where k^, k^ , and are a d so rp t io n , d esorp tion  and e q u i l i ­
brium r a te  c o n s ta n ts  r e s p e c t iv e ly .
S u b s t i t u t in g  equation ( 4 l )  in t o  equations ( 3 9 ) (40) 
and ob ta in
a t^  " ^ A ^ V  ■ ^A (42)
. a c . I q.
" ^  * kA(=A -  -K % -) = ° ('*3)
S u b s t i tu t in g  equ ation (42) in t o  equation(43) and o b ta in
3G. 3 0 .  a q .
v - g 3^  * (1-^) + R4 = 0 (44)
The eq u il ib r iu m  con sta n t may a l s o  be d e f in e d  as
Ka = 1 a / " a . ('^5)
S u b s t i tu t in g  eq u ation (45) in t o  equation(44) may
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o b ta in
a c .  a c .  3 0 ,
^ ^  " (1 -'""'A - a f -  + °
Sin ce  th e  r e a c t io n  i s  f i r s t  order, eq u ation  (46) may be 
w r it t e n  as
0C, 9C
V ^  + (*(+ (l-oC)K.) + kC. = 0 (47)a x   ^  ^ / A/ a t  A
Furthermore, equation  (47) may be w r i t t e n  as
9 0 ,  a c ,  .
where w  ^ i s  o£+(l-cC)K^ , and i s  v/w^.
E q uation(48) , a lon g  w ith  th e  f o l lo w in g  i n i t i a l  and 
boundary con d it ion s ,m ay  be so lved  by ta k in g  the Laplace t r a n s ­
form.
I . e .  C^(0,x) = 0 (49)
B . c . i  c ^ ( t ,o )  = c]^y(t) (50)
2 c^(t,L.) — ^  ( a c / a x )  = 0 (51)
The s o l u t i o n  of eq u a tio n  (48) i s
c ,  = C% exp(- exp (-  , (g g ,
Equation(52) c o n ta in s  the r e a c t io n  r a te  conatant and 
th e  a d so rp t io n  e q u il ib r iu m  constant^ and th e s e  two c o n sta n ts
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may be so lved  by u s in g  the  Moment A n a ly s is  Method.
The nth moment in  Laplace and tim e domain are d e f in e d
as
M^  = ( -1 )"  l im  C.) (53)
^ s - 0  ds^ ^
l~oo
Mn = C^t^ d t  (54)
The n th  moment in  th e  Laplace domain may be c a lc u la te d  by 
s u b s t i t u t in g  eg u a tio n (5 2 )  in to  e q u a t io n (5 3 ) . The nth moment 
in  th e  time domain may be c a lc u la te d  by s u b s t i t u t in g  th e  
breakthrough curve, which i s  recorded by mass sp ectrom eter ,  
in to  eq u a tio n (5 4 ) .  T herefore, th e se  two con stan ts  may be 
obta in ed  by s e t t i n g  M^(time domain) =M^^(Laplace domain) a t  
two d i f f e r e n t  t im es.
I f  the r e a c t io n  i s  a second order ir r e v e r s ib le  r e a c t io n  
then equation(48) becomes
V 2
This i s  a q u a s i - l in e a r  p a r t i a l  d i f f e r e n t i a l  equation and can 
be so lv e d  with the c h a r a c t e r i s t i c  method.
I f  the r e a c t io n  i s  a f i r s t  order i r r e v e r s ib l e  r e a c t io n  
w ith  a x ia l  d is p e r s io n  then equation(48) becomes
1 _ ^  ( 3 6 )
Pe 3^2 3-;^  e r
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where ^=0^/0^, 7=x/L . %=v^t/L, 9 = L / v ,  /3=5k, and Pe=Lv/D. 
Equation( 5 6 ), a long  w ith  the  fo l lo w in g  i n i t i a l  and boundary 
c o n d it io n s ,  can be so lv e d  by tak in g  th e  Laplace transform .
I . e .  T =0 
B. C. I  ^1=0
2 4t=l
Y(0,TO=0








I f  the r e a c t io n  i s  a second order i r r e v e r s ib le  r e a c ­
t io n  w ith  a x ia l  d i s p e r s io n  then eq u ation (48) becomes
D
a x '
a c a  a c .  2
= V - â t - -  + kc^. ( 60 )
This equation  can be so lv e d  w ith  the s i m i la r i t y  method and 
th e  fo l lo w in g  c o n d it io n s
I . e .  t =0
B . e . l  x=0
2 x=L
G A( 0 , x)=0
c ^ (t .o )= o O y (t )  + 4 -
X=0
■ eF = 0 .
( 61)
( 6 2 )
(63)
The advantage o f  the  moment a n a ly s is  method i s  t o  skip  
the  s t e p  which takes th e  Laplace in v e r s e ,  and i t  i s  an e f f i c i e n t  
method when the  Laplace in v erse  i s  d i f f i c u l t  to tak e .
The advantage o f  using  the  p u ls e  technique to determ ine
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th e  k i n e t i c  parameters i s  th a t  on ly  one experim ental work i s  
enough, but the d isa d van tage  i s  th a t  th e  order o f  th e  r e a c t io n  
and th e  r a te  determ ining s te p  must be known. This d isadvan­




The f lo w  system  k in e t ic  s tu d y  shows th a t  th e  most 
s t a b l e  a c t i v i t y  occurs a t  50°C r e a c t i o n  temperature and the  
h ig h e s t  a c t i v i t y  a t  1 0 0 °C r e a c t io n  temperature, i f  th e  c a t a ly s t  
(NHj^ReO^/AlgO^) i s  regenerated  by f lo w in g  oxygen f o r  about 
12 hours at about 5 0 0 °C. CB2 i s  th e  i n i t i a l  product and the  
p ro d u ctio n  o f  TB2 i s  r e s t r i c t e d  by th e  iso m e r iz a t io n  a c t i v i t y  
and s t e r i c  e f f e c t .  The produced e th y len e  r e a c ts  fu r th e r  more 
e a s i l y  than b u ten es .  The b r e a k - in  period  i s  observed at 0°C 
and probably w i l l  a l s o  be observed below 8°C. The b r e a k -in  
i s  due to  the r e d u c t io n  by o l e f i n s  and the form ation  o f  organo- 
m a t a l l i c  s tr u c tu r e  and the d e a c t iv a t io n  i s  due to  p o is o n  by 
im p u r i t ie s ,  h igh  m olecular  w eight product, and coke.  The 
d e a c t iv a t io n  and r e a c t io n  r a te s  are f i r s t  order o f th e  .a c t iv e  
s i t e  d e n s i ty .  The brea k -in  r a te  i s  f i r s t  order o f  th e  adsorp­
t i o n  a c t iv e  s i t e  d e n s i ty .
The standard c a t a l y s t ,  NHj^ReOj /^Al^O ,^ has th e  h ig h es t  
a c t i v i t y  among th e  seven  c a t a l y s t s  stud ied: NH^ReO^/AlgO^; 
NHj^ReOj /^TiOg: NaReO^Al^O^; NH^ReO^/ïjXfNa) z e o l i t e ;  NHj^ReOy 
13X(Ca) z e o l i t e ;  NH^ R^eO^ /^SACK) z e o l i t e ;  and NHji^Re0j /^3A(Ca)
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z e o l i t e .  The sodium and potassium  m eta ls  have a n e g a t iv e  
e f f e c t  on th e  a c t i v i t y ,  r e g a r d le s s  o f  whether NaReO  ^ i s  used  
as promoter or th e  sodium or potassium  c o n ta in in g  z e o l i t e  i s  
used a s  support. The c a t a l y s t  has a b e t t e r  a c t i v i t y  i f  th e  
sodium and potassium  in  th e  z e o l i t e  are exchanged by ca lc iu m .
Tie form ation  o f  a mesoperrhenate s tr u c tu r e  w ith  the  
p a r t i c i p a t i o n  o f  th e  promoter and support i s  important in  
s t a b l i z i n g  the c a t a l y s t  and p reven tin g  l o s s  o f  the prom oter.
The a c t i v i t y  o f  a c a t a l y s t  i s  a fu n c t io n  o f  the  a c id i t y ,  th e  
e l e c t r o s t a t i c  f i e l d ,  th e  a c t i v i t y  per  u n i t  area, the  adsorp­
t io n  a b i l i t y ,  the  r a t i o  o f  ^^2^2 ^^^2 ^hen z e o l i t e  i s  used ,
and th e  form ation o f  a mesoperrhenate s t r u c tu r e .  I t  i s  
b e l ie v e d  th a t  the  d e t a i l e d  ex p lan a tio n  i s  more com plicated  
than j u s t  c o n s id er in g  th e s e  f a c o t r s .
The a c t i v i t y  o f  th e  stu d ied  c a t a l y s t s  i s  in  th e  f o l lo w ­
in g  order: NH^ReO^/AlgO^^^NH^ReO^/jAfCa) zeolite^NHj^ReO^^,/
TiOg>  NHj^ ReOj^ /13 ( Ga) z e o l i t e > NaReO^Al^O^> NH^ReOi^/l3X (Na) 
z e o l i t e .  Although th e  c a t a l y s t s  w ith  z e o l i t e  as support have 
lower a c t i v i t i e s  than th e  standard c a t a l y s t ,  further  study  
would be o f  va lue  because  th e  r a t io  o f  AlgO^ to  SiOg can be 
changed and the  e l e c t r o n s t a t i c  f i e l d  and a c id i t y  can be a d ju s­
ted  by app ly ing  the io n  exchange tec h n iq u e .
S ince  the  r a t i o  o f  E to B i s  h ig h er  than u n i ty  a t  th e  
beg in n in g  and the  r e v e r s e  r e a c t io n  o f  t h a t  proposed by Rooney 
e t  a l . (5 7 ) i s  excluded , th e  carbene mechanism i s  more r ea so n ­
ab le  f o r  d e sc r ib in g  th e  m eta th es is  r e a c t io n ,  although the
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mechanism fo r  producing the chain  c a r r ie r  i s  s t i l l  in  doubt.
The E/B va lue approaches u n ity  a f t e r  a long r e a c t io n  tim e can 
be a t t r ib u te d  to  the  c y c l i c  produ ction  o f  the carbenes r e s ­
p o n s ib le  fo r  the  p ro d u ction s o f  E and B. The o ther  r e a c ta n t ,  
TB2, has a lso  been t e s t e d  by th e  p u lse  technique and th e  r e s u l t  
shows th a t  none o f  th e  R ideal, Langmuir-Hinshelwood one s i t e ,  
and Langmuir-Hinshelwood two s i t e  models can e x p la in  th e  pro­
duct d i s t r ib u t io n ,  so  th e  carbene mechanism i s  a more r e ­
ason ab le  exp lan a tio n .
Bronsted a c id  p la y s  an important r o le  in  a f f e c t i n g  
th e  a c t i v i t y ,  because the  y ie ld  i s  h igher i f  th e  c a t a l y s t  
i s  p r e tr e a te d  w ith COg. The a d so rp tio n  o f CO2 changes the  
s t r u c tu r e  of Bronsted ac id  and perhaps the a c id i t y  as w e l l ,  
and enhance the  r e a c t io n .  The mass balance in d ic a t e s  th at  
the  Bronsted ac id  a f f e c t i n g  the r e a c t io n  i s  adjacent to  the  
ad so rp tio n  s i t e  but n o t  at th e  ad sorp tion  s i t e .  I t  i s  known 
th a t  water i s  a p o is o n  to  Lewis a c id (a n io n  vacancy) and NH^  
i s  a p o iso n  to  both Lewis and Bronsted a c id s .  S in ce  water  
k i l l s  th e  a c t i v i t y  com p lete ly , i t  i s  b e l ie v e d  th a t  Lewis acid  
i s  th e  major a c t iv e  s i t e  fo r  m e ta th e s is  and Bronsted a c id  
ad jacen t to Lewis a c id  has promotion e f f e c t .
According to  the  th ree  i n i t i a t i o n  mechanisms proposed  
by Burwell e t  a l . ( 58 ) ,  Rooney e t  a l . ( 35) ,  and Shmidt e t  a l .
(7 6 ) and the p r e sen t  study, the author would l i k e  to  su g g est  
th a t  the  mechanism proposed by Burwell e t  a l . (58)  a lon g  with  
the  involvment o f  Bronsted ac id  i s  a reasonable  e x p la n a tio n
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f o r  th e  i n i t i a t i o n  s t e p .
The TPD chromatogram shows th a t  the  c a t a ly s t  as w e l l  
as the  in d iv id u a l  ad so rp tio n  s i t e  are e n e r g e t i c a l ly  h etero ­
geneous. The TPD r e s u l t  a l s o  shows th a t  oxygen on the c a ta ­
l y s t  i s  invo lved  in  the  burning p ro cess  o f  coke, so i t  i s  
p o s s i b l e  th a t  some c a t a l y s t  oxygen can be in v o lv ed  in  r e a c t io n ,  
although no evidence can support t h i s  p o s t u la t e .  Because o f  
the  com plicated  ad so rp tio n  o f  a m ixture, read sorp tion  during  
TPD run, and m igration  o f  r e s id u e  during TPD run, the exact  
va lu e  o f  th e  heat o f  d e so r p t io n  i s  d i f f i c u l t  to  obtain .
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